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Angle  of  attack}  angle  between  hydrofoil  chord  and 
free  steam  velocity  vector,  measured  in  plane 
perpendicular  to  hydrofoil  transverse  axis,  degrees 


Central  angle  of  circular  arc  hydrofoil,  radians 


Dihedral  angle,  degrees 


Flap  deflection,  degrees 


Sweep  angle,  degrees 


Viscosity,  lb-sec/ft* 


2  /j 

Density,  slugs  per  cubic  foot,  lb-sec  /ft 


Cavitation  number,  (p  -p)/q, 
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.Subscripts : 

c  cavity 

v  vapor 
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reference  line  (equivalent  of  aerodynamic  incidence)  , 
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Hydrofoil  Soap] Hue  History 


While  this  brief  history  of  hydrofoil  seaplane  design  ami 
cie ve  1  opment  is  not  intended  to  be  comprehensive,  an  effort  tins 
been  made  to  Ulus!  rate  the  lineage  of  hydrofoil  research  doting 
back  over  one  limni  i  ed  years  to  the  original  experiments  of 
Thomas  Moy. 

Using  water  us  n  test  medium,  Moy  towed  n  lightweight  bout, 
on  England's  Surrej  Canal  during  1861.  This  test  vehicle  whs 
fitted  witti  three  cambered  planes  of  subsonic  airfoil  profile 
pinned  along  the  npanwi.se  axis  and  mounted  below  the  keel.  The 
hoot  rose  above  the  water  surface  as  speed  whs  Increased,  while 
the  inventor  noted  the  planes  developed  increased  lift  and  trim¬ 
med  to  reduce  drag  as  speed  was  increased  (Ref.  1). 

Foretelling  Mir  configuration  of  the  I’iaggio  P.C.7  ImiJt.  in 
1U.?9,  the  Frenchman  Emmanuel  Farcot  in  18bU  and  Tissandier  in  189'! 
belli  developed  craft  fitted  with  underwater  propellers  and  sub¬ 
merged  inclined  planes.  Tissandier' a  "glider  boat"  was  also  equip 
pod  with  wings,  as  was  a  model  craft  built  bv  Clement  Ader  in 
1.895*  Ader 1 s  design  incorporated  two  adjustable  underwater  bow 
foils  and  a  planing  horizontal  tail.  Ader  further  developed  this 
i  figuration  through  1  00  j  into  a  variable  -weep  wing  air  cushion 
vehicle  having  a  concave  lower  wing  surface  to  entrap  the  a.ir 
cushion,  certain  I y  a  remarkable  development  half  a  century  ahead 
of  its  time. 

During  1897  u  catamaran  boat  equipped  with  n  series  of  four 
high  aspect  ratio  hydrofoils  and  an  underwater  propeller  driven 
b\  a  steam  engine  was  successfully  "flown"  over  the  Seine  carry¬ 
ing  one  man  at  .'?<">  miles  per  hour.  Developed  by  H.  F .  Phillips 
furl  Comte  ile  Lambert,  this  design  was  improved  through  1  907  at 
vlnrh  time  it  was  powered  by  an  Antionette  internal  combustion 
/engine  and  was  capable  of  carrying  two  men  over  the  water  at  a 
speed  ul'  thirty  four  miles  per  hour. 

Professor  Enrico  Forlanini  of  Milan  applied  for  a  ladder 
;'j  foil.  patent  in  1905  "to  permit  bouts  and  flying  machines  to  lift 
■out  of  contact  with  the  water  surface  when  propelled,  thereby 
offering  much  less  resistance  and  as  a  consequence  he  capable  of 
attaining  much  higher  speeds,"  While  suitable  engines  prevented 
Forlanini  from  attaining  flight,  he  continued  his  experiments 
through  the  development  of  an  air  propelled  vehicle  employing  the 
origina L  ladder  hydrofoil  system.  Built  in  190b,  this  cruft 
lifted  clear  of  the  water  and  reached  a  speed  n  f  rl8  knots  (Vimph). 

1907  appears  to  have  been  the  first  acceleration  point  lor 
hydrofoil  development.  In  that  year:  Orville  find  Wilbur  Wt'LghL, 

familiar  with  the  woi'k  of  Phillips  and  Comte  de  band  >e  r  t ,  experi¬ 
mented  wLth  copper  sheet  hydrofoils  mounted  on  a  tend  he.i  operated 
i. ti  th"  Miami  River  at  Dayton,  Ohio!  G.  P.  Napier  anticum  ed  his 
coni  apt.  for  spring  loaded  variable  1  nr  idem  e  hydrofoils  that 
would  vary  lift  with  heave  t.o  maintain  stable  PI  iglii  -  grunted  a 
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British  patent  in  1911,  there  is  no  record  that  Napier  ever  built 
a  working  model  ot  tins  system  whioh  is  similar  to  the  prir.cip1® 
behind  variable  angle  trailing  edge  (flapped)  hydrofoils;  the 
American  T,.  P.  Simpson  developed  the  design  for  a  variable  inci¬ 
dence  submerged  foil  craft;  the  Italians  frocco  and  Ricaldonl 
built  and  tested  a  boat  equipped  with  tandem  (bow  and  stern)  sur¬ 
face  piercing  hydrofoils.  Driven  by  cambered  variable  pitch 
reversing  propellers  of,  dural  sheet  and  a  100  h.p.  engine,  this 
vehicle  exceeded  a  foil  borne  speed  of  50  mph  while  carrying  two 
men. 

Also  during  1907,  the  American  Peter  Cooper  Hewitt  developed 
a  tandem  ladder  foil  test  vehicle  which  weighed  2500  pounds  and 
reached  30  mph;  at  this  speed,  only  the  lowest  foils  remained 
submerged . 

While  most  of  the  preceding  development  programs  employed 
boats  or  boat-type  test  beds,  much  of  this  experimentation  was 
directed  toward  flight  from  water  as  well  as  the  determination  of 
section  lift  and  drag  characteristics  using  water  as  the  fluid 
medium.  Early  aircraft  experimenters  realized  ttie  advantages  of 
a  large,  smooth,  and  relatively  obstruction  free  launching  and 
landing  area  offered  by  a  calm  water  surface  -  provided  they  could 
overcome  the  dual  problems  of  hydrodynamic  suction  and  drag  pres¬ 
ent  during  water  take  off. 

Finally,  the  first  powered  airplane  to  take  off  from  water 
was  demonstrated  at  Marseilles,  France  by  Henri  Fabre  on  March  29, 
1910.  Employing  a  canard  arrangement  of  three  low  aspect  ratio 
15$  thick  cambered  fl oat/foils  and  powered  by  a  Gnome  engine, 

Fabre 's  design  carried  him  a  distance  of  approximately  500  yards 
at  a  height  of  six  feet  above  the  water  surface.  The  Fabre  floats 
were  designed  to  provide  lift  whether  running  submerged,  upon  the 
water  surface,  or  in  flight  -  and  probably  contributed  the  addi¬ 
tional  lift  necessary  for  a  successful  water  take  off  with  minimum 
thrust , 

It  is  interesting  to  note  that  on  page  1^|6  of  his  1918  Edition 
of  "Military  Airplanes",  Grover  C.  Loening  shows  the  Fabre  float 
to  have  considerably  less  drag  than  other  known  floats  of  the 
period  and  an  l/d  value  of  6-  over  twice  that  of  any  othei’  float 
tested. 

Impressed  with  Forlanini's  work,  the  Italian  General  A.  Guidon! 
determined  during  1910  to  achieve  flight  with  a  hydrofoil  seaplane. 
Starting  with  Forlanini's  ladder  foil  system,  which  he  soon  dis¬ 
carded  because  of  the  heaving  and  pitching  associated  with  dif¬ 
ferential  and  rapid  unporting  of  the  foils,  Guidoni  equipped  each 
Tloat  of  >iis  twin  float  Farman  F.l  biplane  with  a  tandem  cascade 
system  of  three  positive  d  edral  hydrofoils  per  strut.  Varia¬ 
tions  of'  this  system  were  successfully  flown  by  Guidoni  on  three 
Farman  aircraft,  the  F.l,  F,2,  and  P.3;  although  experimentation 
probably  continued  through  1913»  there  is  little  documentation 
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concerning  the  detail  design  and  test  results  of'  Guidoni's  useful 

A  second  period  of  accelerated  hydrofoil  aircraft  development 
began  in  1911.  In  fact,  with  the  exception  of  super  sonic  flight, 
there  is  little  in  the  aircraft  field  to  date  that  was  not  tried 
in  some  form  by  or  during  1911.  This  includes  Voisin's  amphibian 
(using  Fabre  floats),  Curtiss'  retractable  landing  gear,  and 
Avro's  ventilated  step  floats.  By  1911 ,  engines  and  the  state 
of  the  art  of  aircraft  design  had  readied  a  level  such  lint: 

Glen  Curtiss  made  his  first  flight  from  water  using  a  pusher  Id- 
plane  equipped  -with  tandem  floats  and  a  forward  mounted  six  foot, 
span  hydrofoil;  the  first  British  water  take  off  was  accomplished 
by  Cdr.  Schwann  in  a  tractor  Avro  biplane  having  ventilated  step 
twin  floats  each  mounting  two  struts  fitted  with  two  cascade 
aluminum  alloy  hydrofoils  of  bo  inch  span  and  h  inch  chord  (a 
tandem  cascade  system  similar  to  Guidoni's),  The  foils  were  posi¬ 
tioned  b  inches  apart,  set  at  3°  incidence,  had  a  camber  depth 
of  8$  chord,  and  the  upper  foil  was  located  20  inches  below  the 
water  surface.  So  by  1911*  aircraft  developed  in  France,  j'tn.l\, 
Great  Britain,  and  the  United  States  had  succeeded  in  conducting 
sustained  flight  off  water. 

Another  1911  American  seaplane,  The  Michigan  Steel  boat 
Company's  "Flying  Fisli,"  was  equipped  witli  a  single,  beam  width, 
narrow  chord  hydrofoil  mounted  below  the  aluminum  hull,  A  single 
seat  tractor  flying  boat  of  short  wingspan,  the  "Flying  Fish" 
skimmed  along  the  water  surface  supported  by  the  flat  hydrofoil, 
and  n  planing  section  of  the  hull  afterbody  -  possibly  the  first 
planing  tail  hull.  During  1911*  this  design  traveled  from  Detroit 
to  Cleveland  at  an  average  speed  of  50  mph,  although  maximum 
Spued*  of  70  mph  were  recorded  when  the  "Flying  Fish"  lifted  clear 
of  the  water  except  for  the  planing  tail. 

The  first  significant  attempt  to  develop  an  airplane  capable 
of  rough  water  or  open-sea  operation  was  supported  by  the  British 
Admiralty  during  1911.  Lt .  Charles  Burney,  U.N.  conducted  towing 
experiments  that  year  leading  to  the  design  arid  development  of 
Hie  Burney  X.2  during  1912,  and  the  final  X. 3  configuration  of 
I'll  !  intended  for  shipboard  stowage,  (Fig.  1.)  Influenced  by  the 
work  of  Forlanini  and  Guirioni,  the  Burney  designs  employed  a  spilt 
Tiet.jens  cascade  hydrofoil  system  with  two  struts  forward  and  one 
aft.  Water  taxiing  power  was  supplied  by  small  counterrotating 
propellers  tandem  mounted  between  the  forward  foils  and  driven 
from  the  engine  through  a  clutch  system.  In  throw,  the  water 
propellers  would  get  the  X. 3  foilborne,  the  flight  propeller  would 
be  clutched  in,  and  take  off  through  rough  seas  completed  in 
airplane  fashion.  In  practice,  varies  stability  problems  resulted 
from  both  water  and  air  torque  reactions  when  the  respective 
propellers  were  engaged,  compounded  no  doubt  by  inadequate  aero¬ 
dynamic  control,  during  importing.  Wrecked  during  a  towing'  en¬ 
counter  with  a  hidden  sandbar,  this  interesting  pro. let  t  was 
terminated  during  .late  1913.  The  various  torque  problems  hounding 
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Burney  X.  1  Hydrofoil  Seaplane 


Tie  t  jens  Split  Cascade  System 

Power  Plant;  200  hp  Canton-Unne 
Span:  57’ -10" 

Length: 

Wing  Areas  !>00  sq.ft. 
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During-  191^  the  Wright  brothers  were  a 
in  the  Miami  River.  Their  main  interest  La 
from  breaking  away  from  the  upper  surface  o 
soon  (speedwise)  and  thus  preventing  the  su 
Tests  were  conducted  with  cambered  sheet  at 
an  auxiliary  narrow  cambered  strip  of  steel 
leading  edge.  While  this  slotted  hydrofoil 
ful  in  delaying  breakaway  beyond  the  speed 
(subcavitating)  hydrofoil,  it  was  only  appl 
one  seaplane  design  built  in  1915.  Possibl 
seeking  a  means  for  obtaining  an  improved  C 
but  if  so,  such  a  design  was  never  flown  by 
time ,  Handley- Page  in  England  was  wind  tunne 
Ing  his  slotted  wing  to  a  new  level  of  lift 
capability}  apparently  neither  group  being 
efforts  in  the  same  field. 


gain  testing  hydrofoils 
y  in  stopping  water 
f  cambered  foils  too 
bsequent  loss  of  lift, 
eel  "hydrovanes"  having 
placed  just  above  the 
was  apparently  success 
possible  with  a  plain 
ied  by  the  Wrights  to 
y  they  were  really 
j  for  their  aircraft, 
them.  At  this  same 
1  testing  and  develop- 
and  stall  attitude 
aware  of  the  others 


World  War  I  terminated  hydrofoil  seaplane  research  for  many 
years,  until  the  series  of  Sclmeider  Trophy  Contest  races  revived 
determined  interest  in  the  development  of  high  performance  water 
based  aircraft.  Although  the  only  seaplane  attempting  water  take 
off  from  hydrofoils  never  made  the  starting  line,  the  configura¬ 
tion  and  design  data  for  the  Italian  Piaggio  P.C.  7  represent  a 
bold  design  attempt  to  achieve  seaplane  performance  comparable 
with  landplanes  by  minimizing  frontal  area  (Fig.  2). 

Designed  by  Piaggio 's  Chief  Engineer,  Giovanni  Pegna  for  the 
1029  Schneider  Trophy  Contest  and  financed  by  both  Piaggio  and  the 
Italian  government,  the  P.C.  7  was  a  relatively  small  airplane 
of  3709  pounds  gross  weight.  Described  in  Jane's  All  Tlie  World's 
Aircraft  of  1932,  page  232c,  and  more  fully  by  Benjamin  Posnink 
(now  a  Senior  Pro  j  ect  Manager  at  N  S  R  D  C  )  In 
an  article  for  the  Italian  press  published  in  193^1,  the  P.C.  7 
used  a  split  Tietjens  Hydrofoil  system  having  two  foils  forward 
instead  of  floats  and  two  small  foils  superimposed  aft  below  the 
tail  surfaces.  Initial  tests  revealed  dif f icul t ies  with  the  water 
screw  due  to  torque  as  well  as  clutch  slip  caused  by  oil  and  water 
seepage;  when  attempts  to  correct  these  problems  proved  unsuccess¬ 
ful,  further  development  of  this  interesting  design  was  abandoned. 
However,  since  this  configuration  was  so  far  ahead  of  its  time, 
and  could  serve  as  a  stepping  stone  foi’  future  high  performance 
seaplane  development  (with  jet  engines  precluding  propeller 
problems),  a  few  of  the  P.C.  7  design  details  are  presented  for 
reference  purposes: 

Types  Experimental  single  seat  cantilever  monoplane 
racing  seaplane. 

Power  Plants  850  hp  Tsotta-Fraschini  engine  of  12  ov linde 

Wings  Cantilever;  3  spars;  plywood  covered  and  watertight; 
wing  surface  water  cooling  radiators. 

Fuselage;  Built-up  watertight  plywood  structure;  fuel  in 
fuselage . 
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Tail  Surfaces:  Same  as  wing}  watertight 

Flotation:  Watertight  structure  having  two  watertight 

compartments  in  fuselage  plus  welded  aluminum 
alloy  tanks}  rests  on  water  by  floating  on 
the  wing,  fuselage,  and  tail 

Operation:  The  850  lip  IF  engine  drives  the  water  screw 

until  the  P.C.  7  is  foilborne,  at  which  point 
the  propeller  is  clear  of  the  water  and  engaged 
for  flight. 

Span:  22' -2" 

Length:  29' 

Weight  Empty:  3093  lh. 

Useful  Load:  6l6  lb. 

Gross  Weight  9709  lb. 

Estimated  maximum  speed:  373  mph. 


Following  the  failure  of  the  P.C.  7  to  achieve  water  borne 
flight,  primarily  due  to  mechanical  causes  rather  than  basic 
configuration,  hydrofoil  seaplane  design  received  virtually  no 
emphasis  until  Edo  Aircraft  studies  begun  in  1957  developed  the 
JRF- 5G  amphibian  equipped  with  a  Grunberg  supercavitating  hydro¬ 
foil  system  (Fig.  3),  This  configuration  was  extensively  evalu¬ 
ated  by  Edo  and  at  the  U.  S.  Naval  Air  Test  Center,  Patuxent 
River,  Maryland  through  1964, 

The  Grunberg  foil  system  as  adapted  to  the  JRF- 5G  consisted 
of  a  supercavitating  hydrofoil  near  the  airplane  center  of  gravit 
i.i  ud  two  planing  bow  skids;  this  arrangement  was  used  to  permit 
evaluation  of  the  hydrofoil  while  providing  safety  in  the  event 
of  foil  failure.  This  system  used  the  largest  supe rcavitating 
hydrofoil  built  up  to  that  time  and  the  first  supercavitating 
foil  mounted  on  a  seaplane.  The  bow  skids  ..erved  the  dual  pur¬ 
pose  of  (l)  properly  trimming  the  airplane  during  transition 
through  the  hump  speed  regime  and  (2)  preventing  the  airplane 
from  diving  if  the  submerged  foil  failed.  Both  the  large  hydro¬ 
foil  and  the  bow  skids  were  retracted  hydraulically  to  permit 
ramp  approaches  and  land  operations,  and  were  locked  in  the  up 
and  down  positions. 

The  water  performance  and  test  results  obtained  with  the 
JRF-5G  are  discussed  under  Section  VI  of  this  study. 


Subsequent  to  the  JRF-5G  program,  Edo  initiated  design  and 
tank  studies  during  1964  to  develop  a  single,  surface-piercing, 
supercavitating  hydrofoil  for  application  to  the  Grumman  HU-  1.6 
Albatross  Amphibian.  To  flight  test  this  concept  in  scale  form, 


Height:  8' 

Wing  Area:  106,4  sq.  ft.  total 

including  fuselage  area— 
90, q  sq.  ft.  net 
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FRONT  VIEW 


SIDE  VIEW 

Fig.  3  JRF-5G  Airplane 
BuNo  37782 

TEST  AIRPLANE  WITH  GRUNBERG  HYDROFOIL  SYSTEM 

Span  :  9 1 

Length  s  38 ' -h " 

Wing  Areas  373  sq.  ft. 

Gross  Weight  -  9570  pounds 
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the  Thurston  HRV-1  (Skimmer  LA-kA)  Amphibian  was  equipped  in 
1966  with  a  single  foil  similar  to  the  Edo  design  but  l/?.^7 
«cale  size  of  that  necessary  for  HU-l6  aval  nation  (Fig.  U), 
This  snpercavitating  foil  was  flown  on  the  HRV-1  during 
1 1|  November  1966,  representing  the  first,  known  flight  of  an 
airplane  equipped  with  a  single  surface-piercing  hydrofoil. 

The  detail  flight  test  program  was  successfully  completed  wit;! 

I  data  runs  recorded;  operational  results  m  <•  presented  in 
Section  V. 
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Description  and  Cl  russification  of  Hydrofoil  Systems 


Since  no  comprehensive  description  ol  Hih  vniimr  hydrofoil 
systems  is  available,  an  effort  has  been  mode  to  classify  tested 
as  well  as  possible  arrangements.  Refer  to  figures  1  through  'll. 

big*  5,  The  Single  Hydrofoil  system  consists  of  one  hydrofoil 
placed  slightly  ahead  of  the  eg,  with  some  type  of  vehicle  sta¬ 
bilization  provided  in  addition  to  the  foil.}  such  as  the  wing, 
tail,  and  control  surfaces  of  a  seaplane.  The  single  hydrofoil 
supports  a  predetermined  percentage  of  the  gross  weight  at  import¬ 
ing.  Conceivably  the  single  hydrofoil  arrangement  could  be  either 
a  tnonofoil,  a  hoop  foil,  or  a  ladder  foil.}  the  Thurston  HRV-1, 
the  only  seaplane  flown  with  this  type  of  arrangement,  employs  a 
single,  positive  dihedral,  super- cavi ta t 1 ng  monofoil. 

Fig.  6,  The  Grunherg  system  employs  a  main  loll  (continuous, 
split,  or  monofoil)  positioned  behind  the  eg,  with  two  livd  m- ski  s 
or  floats  forward  skimming  the  water  .surface  and  stall  1  1  l/.ing  t.  m 
vehicle.  With  this  design,  the  main  foil  r  i  a  t  igeme  1 1 1  larrLo. 
unst  of  the  importing  design  load,  while  s  i  .i  b  L 1  izi  tig  uieuil  >e  r  ■■  pro¬ 
vide  a  small  perren rage  of  the  design  .lift  (with  respect  to  load 
distribution,  the  Grunherg  System  is  similar  to  the  Canard  S\ stein). 
This  foil  arrangement  has  been  used  on  the  JRF-5G  seaplane  (see 
Fig.  3). 

Figs.  7-10.  The  Tandem  Hydrofoil  systems  consist  of  foil,  arrange¬ 
ments  at  the  bow  and  stern  with  each  foil  array  carrying  about 
30$  of  the  unportirig  design  load.  The  foils  could  be  mono  foils , 
split,  or  continuous  hoop  or  ladder  foils,  or  a  combination  of 
any  of  these;  however,  most  of  such  arrangements  are  not  practical, 
('•inside ring  the  associated  drag,  weight,  and  cost.  As  a  result, 
i  his  system  is  unsuitable*  for  seaplane  application  compared  to 
1;he  single  hydrofoil  system.  Further,  undesirable  lateral  and 
longitudinal  trim  problems  could  develop  during  importing  in  lienvv 

si'US, 

Figs.  11-lA.  The  Tie t ,t ens  Hydrofoil  system  lias  a  I  arwunl  main 
hydrofoil  that  carries  most  ( 60$  -  90$)  of  the  importing  design 
load,  with  a  smaller  hydrofoil  arrangement  in  the  stern  carrying 
the  remainder.  The  lifting  surfaces  at  the  bow  and  stern  could 
consist  of  monofoils,  or  split  or  continuous  hoop  or  ladder  hydro¬ 
foils;  again  these  arrangements  are  not  practical  for  aircraft 
application.  One  split  Tietjens  arrangement  that  was  tested  for 
seaplane  operation,  the  Burney  X.2  and  X.'I  of  1912  and  191'}  Imri 
two  cascaded  foil  struts  at  the  how  and  a  similar  m  smaled  set 
of  foils  at  the  stern  (see  Fig.  i ) , 
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Description  and  Classification  of  Hydrofoil  Systems  (Con't) 


Figs.  15  and  1 6.  The  A.  G,  Bell  Hydrofoil  system,  named  after 
the  inventor  who  employed  hydrofoils  on  his  HD-^l  boat  of  1919, 
is  one  of  a  number  of  more  complex  hydrofoil  systems.  The  arrange¬ 
ment  consisted  of'  a  main  foil  at  the  eg  supporting  over  half'  of 
t. lie  load,  with  smaller  stabilizing  foil  arrangements  at  the  how 
and  stern.  Bell's  original  split  system  had  two  ladder  arrange¬ 
ments  amidships,  with  smaller  single  ladder  arrays  nt  the  bow  and 
stern.  Due  to  drag,  weight,  and  cost,  this  and  similar  complex 
s vs  terns  are  considered  impractical  for  aircraft  use. 

Figs,  17-20,  The  Canard  Hydrofoil  system  positions  a  main  Hydro¬ 
foil  arrangement  located  behind  the  eg  carrying  6 0$-90$  of  the 
importing  design  load,  with  a  smaller  hydrofoil  located  at  the 
how.  The  array  at  the  bow  and  amidships  could  consist  of  mono- 
foils,  split  or  continuous  hoop  or  ladder  foils,  or  a  combination 
of  these.  Again,  this  system  results  in  too  much  drag,  weight, 
mid  cost  to  be  practical  for  modern  aircraft  application.  How¬ 
ever,  one  split  Canard  system,  the  Fabre ,  using  cambered  hydrofoil 
floats,  achieved  the  first  powered  flight  from  water  in  1910 
(See  Pg.  2).  Using  another  design  approach,  Guldoni  flew  a  twin- 
float  mounted  tandem  split  Canard  system  successfully  in  Italy 
during  1910  and  for  several  years  thereafter  (See  Pg.  2). 

It  is  evident  that  many  of  these  foil  systems  overlap.  Since 
foil  arrangements  are  frequently  mentioned  by  the  designer's  name 
as  well  as  by  planform  arrangement,  it  was  considered  advisable 
to  present  configurations  under  both  classifications. 


A  comprehensive  illustration, of  possible  hydrofoil  arrange¬ 
ments  is  presented  in  Figure  21,  together  with  conventional  no¬ 
menclature  for  each  configuration. 
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CAS  CADES 


MAt  BE  MULTIPLE  OkL 


Sud^LE  STCur  (AS 


SHovUM) 


HCCP5  -  HORIZONTAL.  Foil.  MAV  HAVE-  DidE-DRAL 


I  I  I 
I  L 


LADPE^S  —  Foils  mav  BE  outboard 


td  y  W  LJ  U  h 

!.  *n.  n  o,  p.  c]_. 


NOMENCLATURE 

a .  Flat  monofoi 1 

b.  Positive  dihedral  monofoil 

c.  Negative  dihedral  monofoil 

d.  Cantilever  monofoil 

e.  Cascaded  flat 

f.  Cascaded  positive  dihedral 

g.  Cascaded  negative  dihedral 

h.  Continuous  flat  hoop  foil 

i„  Continuous  dihedral  hoop  foil 

,j .  Split  hoop  fo  1 1 


Split  dihedral  hoop  foil 
Continuous  flat  ladder  foils 
Continuous  positive  dihedral 
ladder  foils 

Continuous  negative  dihedral 
ladder  foils 
Split  flat  ladder  foils 
Split  negative  dihedral 
ladder  foils 
Split  positive  dihedral 
ladder  foils 
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III. 


Hydrofoil  Configuration  Data 


A.  Hydrofoil  Operating  Principles 

A  hydrofoil  is  the  marine  version  of  the  airfoil  as  used 
in  water  to  create  dynamic  lift  for  the  support  of  a  vehicle;  or 
as  an  element  in  a  propeller  type  device.  Subsonic,  airfoil  section 
shapes  perform  well  as  hydrofoils  when  operating  at  low  forward 
speeds.  At  equal  Reynold's  Numbers,  the  forces  and  moments  created 
in  a  i  r  and  water’  are  essentially  identica  l,  for  these  foils  when 
t tie  flow  is  completely  attached.  A  foil  operating  in  this  condition 
is  said  to  be  "fully  wetted"  or  "subcavitating" . 

At  higher  speeds,  separation  of  the  flow  occurs  causing 
changes  in  the  forces  and  moments  and  resulting  in  a  considerable 
loss  nf  efficiency.  Separation  of  the  flow  Is  termed  "cavitation"; 
when  the  entire  upper  surface  of  a  hydrofoil,  is  completely  free  of 
attached  flow,  the  foil  is  considered  to  be  "  supe  rcav.i  ta  t  ing"  . 

For  operation  at  high  speeds  where  cavitation  cannot  be 
avoided,  hydrofoils  specifically  designed  to  operate  in  a  super- 
cavitnting  regime  are  superior  to  foils  designed  for  subca vi ta t i ng 
flow.  Siipercavitating  hydrofoil  sections  are  cliaracteri/.ed  by  a 
sharp  leading  edge  with  entrance  angles  of  about  six  degrees.  The 
most  common  section  shapes  ares  plane  faced  wedges  with  blunt 
trailing  edges;  the  ogive,  consisting  of  convex  circular'  arc  sur¬ 
faces  wi  tli  sharp  leading  and  trailing  edges;  circular  arc  concave 
cambered  lower  surface  with  contoured  upper  surface;  and  more  complex 
shapes  designed  for  Increased  efficiency,  the  best  known  being 
developed  by  M.P,  Tulin  and  V.E.  Johnson,  Figure  22  (a)  and  (b). 


B.  Cavitation 

A  hydrofoil  moving  through  the  water  in  a  subcavitating 
condition  and  at  an  angle  of  attack  producing  lift  creates  an 
increase  in  water  pressure  on  the  lower  surface  and  a  decrease  on 
the  upper  surface  in  the  same  manner  as  an  airfoil.  The  pressures 
are  a  function  of  the  hydrofoil  shape  and:  l)  velocity,  2)  angle 

of  attack,  and  3)  the  operating  depth.  With  increasing  speed  and 
angle  of  attack  and  decreasing  depth,  the  pressure  on  the  upper 
surface  reduces  until  the  pressure  drops  to  the  vapor  pressure  of 
the  water’  as  determined  by  its  temperature.  When  this  occurs,  the 
water  starts  to  boil  or  "cavitate"  at  the  chord  point  where  minimum 
pressure  occurs;  normally  coinciding  with  that  of  maximum  thickness, 
p'urther  Increases  in  speed  or  other  factors  causing  additional 
decrease  in  the  pressure,  lead  to  enlargement  of  the  cavity  along 
the  foil  surface  until  it  covers  the  entire  surface.  Still  further 
pressure  reductions  cause  extension  of  the  cavity  several  chord 
lengths  behind  the  trailing  edge.  The  process  of  cavitation  is 
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B.  Cavitation  (Continued) 

similar  to  the  stalling  afa  wing  and  is  accompanied  with  a  similar 
loss  of  lift.  Since  this  occurs  with  increasing  speeds,  it  has  a 
significance  similar  to  critical  Mach  effects  in  aerodynamics. 


The  aerodyne 

exists  on  the  surfa 
independent  of  veto 
independent  of  velo 
where  flow  separati 
pressure  coefficien 

chv itatian  and  is  d 

pressure  of  the  liq 

at  the  operating  de 
dynamics,  the  negat 


mic  pressure  coefficient,  Cp  =  — ,  which 

Q  oo 

ce  of  an  airfoil  in  subsonic  potential  flow  is 
city.  The  same  coefficient  in  hydrodynamics  is 
city  up  to  the  point  of  cavitation  inception, 
on  occurs.  In  the  zone  of  separation,  the 
t  has  readied  the  lowest  attainable  value  for 

efined  as  CPm^n  =  Py"Poo  .  where  pv  is  the  vapor 

Q  oo 

aid,  Pj,,,  is  the  static  pressure  of  the  liquid  at 

pth,  and  q  is  the  dynamic  pressure.  In  hydro- 
ive  of  the  pressure  coefficient  is  used  and 


defined  as  the  cavitation  numbers 


Figures  22  (a)  and  (b)  show  the  shapes  and  equations  I'o  r  four 
supercavitating  hydrofoils, 

\ 

The  effect  of  ’e  cavitation  minjbor  on  the  flow  pattern 
about  a  hydrofoil  is  schematically  illustrated  in  Figure  22  (c). 

The  patterns  shown  are  not  static  but  are  a  twpical  average  of  a 
dynamic  situation.  At  zero  speed,  <T  =  oo  }  as  speed  increases,  <T 
decreases,  eventually  reaching  cavitation  conditions.  When  cavita¬ 
tion  occurs,  the  value  of  S'  is  known  as  the  incipient  cavitation 


number,  being  equal  to  the  negative  of  ^Prn^n!  <5~  ^  = 
continues  to  decrease,  the  cavity  size  spreads  over 


Cp  . 
rr,r;  \1 


i  l  surface 

and  goes  through  a  phase  which  creates  foil  erosion  u<-  .  v  cavita¬ 

tion,  When  the  cavity  lengthens  to  a  collapse  point  u  •  ,:hat  the 
pressure  pulses  created  by  the  cavity  collapse  clear  i:  .  ailing 

edge  of  the  foil,  the  erosion  phase  ceases.  In  this  t.oiv.'i cion, 
however,  the  eddies  and  the  re-entrant  jet  which  exisl  -l.  the  down¬ 
stream  end  of  the  cavity  may  impinge  upon  the  foil  trailing  edge 
and  cause  severe  buffeting  and  foil  vibration.  Upon  further  reduction 
of  <T  ,  the  cavity  lengthens  downstream  such  that  the  re-entrant  jet 
is  dissipated  before  it  reaches  the  trailing  edge  of  the  foil, 

Figure  22  (c).  In  that  condition,  the  flow  is  said  to  be  super¬ 
cavitating.  Thus,  cavities  associated  with  supercavitating  flows 
are  relatively  long,  usually  well  over  two  chord  lengths,  and  are 
filled  with  either  liquid  vapor  or  foreign  gas,  or  a  mixture  of 
both.  Flows  in  which  the  cavity  is  filled  with  atmospheric  air  have 
come  to  be  called  "ventilated"  or  "vented"  flows.  The  term  "Super¬ 
cavitating"  applies  to  al.l  cases  of  sufficiently  long  cavities, 
regardless  of  whether  they  are  fi.lLed  with  water  vapor  or  .iir. 
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Ventilation 


Naturally  ventilated  flows  frequently  ucvur  during  hydrofoil 
operation  due  to  the  proximity  of  the  lifting  and  suppoi’ting  devices 
to  the  free  water  snrlnce,  Natural  ventilation  i  ■>  the  passage  nl' 
atmospheric  air  into  the  preasitre  region-  on  Mm  upper  surface 

ol'  the  hydrofoil,  raking  .  -  ith  along  tile  1  pi  assure  side  of  a 

surface  piercing  -trut,  or  long  the  hi unt  trailing  edge  of  a  sur¬ 
face  piercing  strut  or  foil.  Natural  vent i  In  lion  occurs  only  after 
cavitation  has  boon  es  tab  L  Lslr-nl  and  de  i -lop.i  a  hrupil)  to  Its  full 
state. 

Where  the  foil  is  operating  under  partial  cavitation  conditions, 
ie.  not  supercavituting,  ventilation  can  result  in  the  immediate  loss 
of  7 r)  percent  of  lift,  dropping  the  supported  vehicle  into  the  water. 
Natural  ventilation  occurs  at  high  speeds,  in  rough  water  and  dur¬ 
ing  unporting  and  turning  maneuvers.  Once  ventilation  has  been 
established,  it  tends  to  continue  even  though  conditions  become  less 
favorable.  Unfortunately,  the  onset  of  natm al  ventilation  cannot 
he  predicted  easily  from  i  lieory  or  model  tests,  and  suitably  simple 
-'.■ling  laws  foi~  vent  1  l  .it  I  an  onset  arc  not  available. 

Forced  or  control  led  ventilation  is  ,m  oompi  i.shed  by  art  1  F  Eli¬ 
lilly  supplying  air  under  pressure  to  tiiat  portion  of  the  hydrofoil 
when-  the  cavity  is  desired.  In  this  case,  established  cavitation 
is  uni  necessary.  When  the  cavity  size  is  rlmng'-d  by  using  forced 
air,  the  cavitation  number  will  change  and  result  in  changes  in  the 
]  if  1.  and  drag; 

For  a  foil  that  is  operating  under  supercavitating  conditions, 
ver illation  will  have  little  effect  on  tho  lift  and  drag.  For  venti¬ 
lation,  the  cavitation  number  is  computed  by  using  the  air  pressure 
in  the  cavity,  p  ,  in  place  of  the  vapor  pressure,  p  .  The  character- 

C  V 

i sties  of  optimum  ventilated  foils  and  supercavituting  foils  are 
identical  if  the  cavitation  number  is  the  same. 

D.  Aircraft  Applications 

Since  cavitation  and  ventilation  cannot  he  avoided  Cor  air¬ 
craft  applications  due  to  operation  at  the  water  surface  ,md  at 
high  speeds,  hydrofoils  for  aircraft  use  should  be  designed  to  be 
superr.avitating  and  readily  ventilated.  By  using  this  approach, 
the  lift  and  drag  on  the  foil  will  remain  smooth  and  continuous,  and  are 
essential  conditions  for  successful  hydrofoil  aircraft  operation. 


E.  Lift,  Drag  and  Moment  of  Hydrofoils  with  Zero  Sweep  arid  ; 
Dihedral  at  Infinite  Depth 

The  lift,  drag  and  moment  cha racterist ics  of  hydrofoils  are 
dependent  on  the  same  factors  of  shape,  attitude,  velocity  and  fluid 
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Lift,  Drag  and  Moment  of  Hydrofoils  with  Zero  »«h  Zero 

Dihedral  at  Infinite  Depth  (Continued) 


density  that  affect  airfoils,  but  in  addition  are  dependent  upon 
depth  and  cavitation  number.  With  these  additional  parameters, 
the  amount  of  data  required  to  catalog  hydrofoil  chara cterist ir« 
becomes  exceedingly  large.  In  order  to  avoid  the  use  of  a  great 
number  of  charts,  the  approach  taken  In  this  study  is  to  show  the 
characteristics  of  typical  hydrofoils  favored  for  aircraft  use, 
as  well  as  the  effects  of  these  various  factors  on  performance. 
Furthermore,  the  volume  of  experimental  data  in  the  hydrofoil 
field  is  far  from  adequate,  thereby  inhibiting  any  comprehensive 
compilation  'of  systematic  data. 

Figures  23  and  2h  show  the  variation  of  lift,  drag,  and 
moment  coefficients  and  the  L/D  ratio  with  angle  of  attack  for  s ub- 
cavitating  and  superca vitating  flows.  The  data  were  taken  from 
several  sources  and  were  combined  in  the  figures  to  compare  the! 
characteristics  of  the  different  types  of  foils. 

Figure  23  shows  the  subcavita  t  ing  dm  rue  toils  tics  of  a 
conventional  airfoil  (NACA  66^-012),  a  siihcnv  I  tating  hydrofoil  (l)TMB 
Se?  1  p s  HF-  1  ) ,  and  six  degree  wedge  (optimum  for  supercavi tntiou ) 
wit  a  blunt  trailing  edge.  The  lift  curve  slopes  of  the  wedge 
appear  to  be  higher  than  the  other  two  by  a  small  amount,  but  the 
date  did  not  extend  sufficiently  over  the  range  of  aspect  ratios 
and  maximum  lifts  to  permit  a  through  comparison.  The  wedge  ap¬ 
parently  produces  lift  with  characteristics  similar  to  foils  designed 
for  subcavitating  flow.  The  drag  of  the  NACA  66^012  foil  is  con¬ 
siderably  less  than  the  wedge  at  those  low  angles  of  attack  where 
the  L/D  of  the  NACA  foil  approaches  a  maximum.  At  higher  angles 
of  attack,  the  drag  of  the  NACA  foil  exceeds  that  of  the  wedge, 
while  the  L/D  diminishes  rapidly,  and  if  extended,  might  drop  below 
the  values  for  the  wedge.  Moment  data  is  provided  and  is  of  primary 
significance  in  the  structural  design  of  the  foil  and  strut. 

Figure  Zk  shows  the  supercavi tating  characteristics  of  the 
sLx  degree  wedge,  the  NACA  66^-012  airfoil,  and  the  Johnson  5  term 
supe rcavitating  hydrofoil.  In  supercavitatlng  flow,  the  John¬ 

son  foil  shows  slightly  higher  lift  than  the  wedge  and  the  NACA 
foil  lift  degrades  almost  Immediately,  developing  at  most  only  2" 
percent  of  the  lift  of  the  other  two  foils.  The  inferiority  of  n 
foil  designed  for  fully  wetted  operation  under  supercavitatlng 
conditions  is  clearly  shown  here.  It  is  interesting  to  note  that 
maximum  L/D  values  for  supercavitatlng  foils  are  reached  in  the 
first  four  degrees  of  angle  of  attack  from  zero  lift,  too  near  zero 
lift  for  sustained  aircraft  operation.  Since  normal  trim  angles 
would  be  in  the  range  of  about  four  to  twelve  degrees  above  the 
zero  lift  angle,  normal  supercavitatlng  foil  operation  would  center 
around  that  portion  of  the  curve  producing  50  to  75  percent  of 
maximum  l/d.  These  lower  L/D  and  consequently  higher  drag  values 
would  be  occuring  at 


Lift,  Drag  and  Moment  of  Hydrofoils  with  /*- t 
Dihedral  at  infinite  Depth  (Continued) 


Sweep  ami  Zero 


importing  which  is  the  critical  phase  of  the  takr-nf  from  a  perform¬ 
ance  and  controllability  standpoint.  The  high  ! /f>  r.  ■ssociatad  with 
the  low  angles  of  attack  would  occur  at  the  high  speed  end  where 
it  is  not  as  critical. 


Calculation  of  "nvitatli 


Inception 


Figure  ?5  (a)  is  «  nomograph  for  the  ■  ..  I  •  n  l  a  ti  on  of  the 

.speed  at  which  cavitation  begins.  Data  is  p  re  S"i  i  t  oil  for  n  two 

riiimmsional  foil  operating  in  sea  water  at  a  tempo  i  h  t.  n  re  of'  53°F, 
and  requires  knowledge  of  the  inception  cfuii.ht.on  imtnner  for  that 
I  oil  .  Tlie  values  obtained  ore  low  in  comparison  to  tins  tin  ee 
d  iiiu-n -ional  case.  However,  no  known  work  h  I  .«•<•*'  puhl  i  sh«*r1  cover¬ 
ing  4  i  i  ■  *  three  dimnnsiotm  I  case  or  the  e  f  fen  t.  n  f  tempo  i  n  turn  vai  La- 

titnr-  on  lift  and  -I  rag.  Vapor  pressure  vat-let  ion  with  wni  >•••  tempera- 

fui  i-  ;  s  presented  in  Figure  *’ *5  (b). 


I  t  Poets  of  Cavitation  Number  on  Foil  Performance 


with 
p  o  i  i  i 
W  on. 


Figures  2 6,  27, 
cavitation  number 


and  ,?8  show  tlie  variations  of 


j  ,  C ^  and  I./D 
The  horizontal 


cavitation  number’  for  t.fie  NACA  66^-012  airfoil.  The  horizouta 
ons  of  the  curves  are  regions  where  cavitation  does  not  exist, 
■-.a  I  Ltation  begins  there  Is  a  rapid  decrease  in  b/l)  ratLo,  even 
ii  Figure  26  shows  an  Increase  in  lift  with  small  amounts  of 


root  I 

111.-  ■ 


■.a  1  Ltation  begins  there  Is  a  rapid  decrease  in  b/l)  ratLo,  over 
: i  Figure  26  shows  an  Increase  in  lift  with  small  amounts  of 
it  ion  at  angles  of  attack  greater1  than  three*  degrees.  At 
i  lion,  the  inurea.se  in  drag  is  proportionate  1  \  greater  than 
ncrease  In  lift.  Further  reduction  in  the  cavitation  number 
the  drag  coefficient  to  peak  and  then  docreaso .  The  lii't 
ioiunt,  however,  decreases  rapidly  with  cavitation  number  and 
■  dilution  in  d  rag  inefficient  merely  onuses  a  redaction  in  tlie 
■if  the  f./U  ratio  curves. 


Figures  29  through  ’in  show  the  variations  of  Cj  ,  d^,  C  and 

1.,/D  with  cavitation  number  for  a  six  degree  wedge  hydrofoil  with 
hi  nut  trailing  edge  at  aspect  ratios  of  one,  two  and  four1.  The  lift, 
drug  and  moment  plots  «how  lines  of  constant  cavity  length,  given 
in  chord  lengths  of  x/c .  The  lift  plots  show  that  the  lift  starts 
to  decrease  when  tlie  cavity  size  equals  one  chord  length.  The  drag 
changes  approximately  in  proportion  to  the  lii't.  with  the  result 
that  the  I./d  ratios  tend  to  remain  constant,  or  increase  sILghtly. 
Aspect  ratio  does  not  affect  Lift  and  drag  npp  re.,  i  i  ■  i  ■  1  >  ,  although 
a  slight  improvement  of  I./D  ratio  does  occur  with  increasing  aspect 
ratio . 
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Effect  of  Depth  of  Submergence  on  Foil  I’ui'l  oi  m.iuce 


The  effect  of  depth  of  submergence  on  the  lift  curve  slope 
of  subcavi tating  hydrofoils  of  various  aspect  ratios  is  shown  in 
Figure  4l.  The  lilt,  curve  slope  decreases  ns  the  foil  approaches 
this  surface,  with  rho  most  marked  reduction  oc.  m  lug  within  one 
chord  length  of  the  water  surface.  The  effort  on  foils  of  aspect 
rat  i os  less  than  ten  Is  essentially  the  same. 

For  supercnvitnting  foils,  the  effect  of  depth  on  the  effec¬ 
tive  angle  of  attack  due  to  camber  also  decreases  rapidly  within 
one  chord  length  of  the  water  surface,  as  shown  in  Figure  4;i.  The 
variation  of  lift  ann  drug  coefficients  due  to  submergence  within 
one  chord  length  of  the  surface  are  given  iri  Figure  4'J.  Ii  is  shown 
I  li.i  1  for  the  Tull  n- Burkh  i  t  (cambered)  foil,  tint  Lift  and  drag  <1  ■  ■  not. 
vitr\.  However,  t  1 1  flat  plate  lift  does  increase  slightly  as  the 
foil  approaches  tit  surface,  with  the  drag  remaining  essentially 
rtms  tant  •  Figures  44  (a)  end  (h)  show  that  tlu<  increase  in  lift 

inefficient  near  t  lie  surface  is  slightly  higher  for  higher  aspect 
ra  t  io.s  , 


I.  Effect  of  Leading  Edge  Sweep  and  Taper  on  boil  Perfo  rmun.ee 

The  most  s  l  gtii  f  i  ran  t:  effects  of  leading  edge  sweep  on  a 
hydrofoil  are  a  delay  in  cavitation  inception  anil  tlftcrenspil  lilt, 

L/D  ratios,  and  lift  curve  slopes.  Sweep  is  highly  advantageous 
for  subcavitating  systems  attempting  to  achieve  maximum  speeds. 
Conversely,  sweep  has  a  detrimental  effect  on  supercavita t, ing  designs 
due  to  cavitation  delay  and  loss  of  lift.  Taper  ratio  has  negligible 
effect  on  cavitation  speed  and  force  characteristics. 

Figure  45  is  based  on  analysis  and  shows  the  effects  of 
sweep  and  aspect  ratio  on  the  lift  curve  slope  of  subcavitating 
hydrofoils.  The  lift  curve  slope  reduces  as  aspect  ratio  becomes 
smaller  and  sweep  increases. 

Figure  46  presents  the  physical  characteristics  of  four 
hydrofoils  of  various  sweep  angles  and  taper  ratios  hut  of  equal 
area.  All  have  the  NACA  65A006  airfoil  section  parallel  to  the 
free  stream  velocity  and  were  constructed  of  heat  treated  chrome- 
vanadium  steel  having  a  modulus  of  elasticity  of  approximately  rl 0 
million.  The  hyd rodynamic  characteristics  of  these  foils  me  given 
in  Figures  47  through  54. 

Figure  47  shows  the  angular  deflection  of  the  swept-back 
hydrofoils  and  the  resulting  reduction  in  maximum  lift  loading 
capability  of  the  60  degree  sweep  foil  due  to  twist. 

Figure  48  (a)  through  51  (c)  present  the  Lift,  drag  and  L/D 
ratio  data  for  the  four  foils. 

Figure  5.'2  shows  the  increase  of  cavitation  Inception  speed 
with  sweep  at  various  coefficients  of  lift. 
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Effect  of  Leading  Edge  Sweep  and  Taper  on  Foil  Performance 

(  +  -I  L 

\ - -  / 

Figure  '>')  shows  the  decrease  in  lift  drag  ratio  with  sweu,) 
nt  .  ariniis  coefficients  oi  lift, 

l''igure  5^  shows  that  taper  ratio  has  a  slight  effect,  upon 
L/D  ratios. 


J,  Effect  of  Dihedral  on  Foil  Performance 

Dihedral  is  an  important  design  parameter  for  i  .1  pr  rn  ft 
application,  since  the  hydrofoil  in  this  case  should  invariably 
he  of  tlu>  surface  piercing  type. 

The  surface  piercing  hydrofoil  has  a  natural  venting  path 
.•mil,  therefore,  tends  to  vent  readily,  1  Prior  to  lull  vent  L I  nt  i  n 
forces  produced  by  the  *  1  ■%  degree  wedge  are  si  awn  1  n  Figure  $ ”,  (a) 

lii-  the  lines  labeled  ful  l\  attached  (base  . . . .  As  spred  or 

angle  of  attack  are  inr  rensml ,  flow  sepurn  i  i  •  r  acuu  t’a  on  i  he  imp  •  r 
so-  ram  and  full  v  anti  I  -l  f:  I  on  is  achieved.  h'r  lift  f'o  rr  i*>-  pro  •■.  *  tul 
fill-  ’educed  coils  i  ila  rah  I  and  are  given  In.  ■  in>  I  nbe  1  ml  till  . 

ven  ilated.  The  drag  forces  jire  given  in  I  j.gin  e  *3 /3  (h), 

A  factor  which  bears  mention  is  the  change  of  aspect  ratio 
with  immersion  of  a  surface  piercing  foil .  Since  aspect  ratio 
affects  lift  and  drag,  the  relationship  of  Immersion  to  aspect 
ratio  should  be  given  consideration  when  designing  a  surface 
piercing  foil  system. 


K.  Effect  of  Hydrofoil.  Leading  Edge  Angle  in  Snp#i  cavitating  1M  ow 

The  value  of  L/D  increases  as  the  included  angle  of  the 
hvrt  i  cl  oil  leading  edge  decreases,  tl»  rel<  v  requiring  the  entrance 
ii  up  -  to  be  the  minimum  permitted  by  structural  cons  idem  ti  ona, 

A  mt-i.'  I  included  angle  will  allow  opei  u  1 1  on  .i  i  .1  owe  r  angles  of 
nit  i.  and  consequent.!,  v  higher  L/D'.-i  for  un>  glsi.-n  bo  1 1  out  "  ape. 

Nw  i  i.lio  .leading  edge,  the  pressures  due  to  r.ugl  e  of  . i  I  1  ■  i  ;  ,ii" 
p  rcroiii  lu-iut  for  high  angles  of  attack  mid  v.i  .1  1  t  st  thlli-h  the  .  tic 
structural  design  conditions.  Design  pressures  over  the  first  four 
to  five  percent  of  the  chord  are  thus  independent  of  camber  and 
bottom  shape.  A  reduction  in  these  pressures  could  be  achieved  by 
sacrificing  leading  edge  sharpness,  but  this  entails  a  loss  in  foil 
L/D  and  cavity  inception  characteristics.  The  leading  edge  profile 
should  be  maintained  as  sharp  as  8triictural.lv  feasible. 

Figure  56  shows  chordwise  bending  stresses  hn  the  sharp  lead 
lug  edge  of  a  .foil  operating  at  1 2  degrees  angle  of  attack  which 
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K.  Effect  of  Hvtlrn l'o  1  I.  Leading  Edge  Angle  in  Supercavitating  Plow 
( Continued ) 

subjects  it  to  a  loading  of  approximately  "q"  (ipv^)  psf.  It  1st 
ol'rti  that  a  high  strength  leading  edge  material  must  be  considered 
if  reasonably  small  wedge  angles  and  therefore  maximum  L/D' s  urn 
to  be  realized.  The  loading  of  "q"  psf  and  con  esponding  angle 
of  nttar.k  of  about  12  degrees  are  reasonable  values  for  structural 
design.  This  loading  at  an  ultimate  stress  01  .'uu.OOO  pai  requires 
a  loading  edge  wedge  angle  of  3.1  degrees  I'm  a  ninxlmu.i  vehicle 
speed  of  100  knots,  and  6.2  degrees  for  a  maximum  vehicle  speed  of 
20u  knots. 


L.  Effect  of  Trai  ling  Edge  Flaps  on  Hydrofoil  PeiTormniu  >< 

The  L/D  values  of  various  hydrofoils  designed  for  super- 
cavitating  flow  nve  all  very  similar  when  plotted  versus  angle  of 
attack.  However,  when  plotted  versus  C^,  the  peak  values  of  L/l) 

omit  at  different  values  of  C.  depending  upon  Mm  bottom  shape 

of  the  foil.  Foi  wedges  with  flat  bottoms,  tlm  maximum  h/l)  oiMUrs 
at.  a  eery  low  Oj  .  As  otuiih>>  r  increases  anti  n-.  the  bottom  ••hape 

In- 1  tvBius  more  optimum,  for  example  the  Johnson  “  *  ,u  foil,  the 
m.  i  >  l  mum  1,/D  occurs  at.  p rogre s si v e 1 v  higher  \..i  im  of  Cj,  'live 

advantage  of  the  oninbe  red  design  is  that  high  I  1ft  is  obtained  at 
maximum  h/D  values.  Such  profiles  would  be  ideal  for  optimizing 
conditions  at  the  critical  point  of  hump  speed  and  unportJug,  where 
flrag  is  at  a  peak.  Their  disadvantage,  however,  lies  in  the  fact 
that  cambered  hydrofoils  must  be  operated  at  angles  of  attaok  of 
about,  four  degrees  above  zero  lift  to  obtain  optimum  l/d  values. 

This  narrow  range  is  impractical  for  aircraft  application  since 
oumparit ively  large  trim  angles  will  be  realized  during  heave,  pitch 
and  importing.  As  a  result,  the  advantages  of  a  sophisticated 
foil  such  as  the  Johnson  are  diminished,  and  tho  wedge  shape  becomes 
more  attractive.  The  penalty  paid  for'  using. the  wedge  is  a  smaller 
value  of  Cj  compared  to  the  Johnson  type  at  equal  values  of  I,/p . 

A  wedge  can  be  made  to  perform  similarly  to  a  cambered  foil 
by  the  use  of  a  trailing  edge  flap.  In  this  win  ,  the  advantages 
of  hoi  li  foils  cm  he  realized.  For  a  supei  <  a  vi  fating  foil,  experi¬ 
ments  have  indientrri  that  trailing  edge  flaps  are  an  effective  way 
of  maintaining  lift  at  speeds  below  cruising.  At  a  fixed  foil 
.incidence  angle,  the  flap  permits  lift  to  be  maintained  at  lower 
speeds  and  with  less  drag  than  would  be  possible  by  increasing  the 
foil  incidence  without  the  aid  of  the  flap.  Furthermore,  a 
combination  of  incidence  control  and  flap  deflection  provides  even 
higher  lift  forces  than  with  flap  alone.  On  an  aircraft,  incidence 
control  is  obtained  simply  through  changing  the  pitch  of  the  aircraft. 
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Effect  of  Trnl 1 4  n  cr  i 


TTa*J  ^  .  O  .  I  4  «"  n  / 

ii>^iv4^iL  t  t- 1  i  u  finance  i  umitinued  j 


Figure  57  fa)  and  (l.)  provide  lift  and  .  cef  fi,- J  i 

data  for  a  naturally  ventilated  six  degree  wed,.*  h,  rrofoil  ',m, 

*5.poroent  Ch°r  »dge  flap.  As  nan  b,.  seen,  both  lift 

and  drag  respond  proportionally  to  flap  deflection. 

ti.«  r  r',y  progrG®‘Unf  the  lover  left  to  the  upper  rig ht  of 

('l/CD  veraus  CT  plot,  figure  58  (c)  shows  that  the  ],/d  r.f.io 
ran  be  improved  with  flap  deflection. 

of  attac^Sflul  rLP+°Vidf8+dVta  f°r  •®tabii®hlne'  the  minimum  angles 
of  attack  required  to  maintain  a  fully  developed  cavity  in  smooth 

or  a^lforlulck'l'b^  Bh°Uld  flSBlSt  1,1  the  lower '  limit 


seflDlnnp<f1  th«°nri -interest  for  cruise  range  voter  vehicles  and  large 
hJdrJrn??!  th«  add,,,!  structural  and  mechanical  complexity  of  flapped 
h  who  foils  must  be  weighed  against  their  operational  advantages 
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oitograpn  knowing  t:ie  Kelattonshin  of  Depth  of  Submergence,  Cavitation  Index 
and  Sn»eH  of  Incipient  Cavitation  for  any  Body  u 

7  — 

TWO  DIMENSIONAL 


Reft  Davidson  Lab  (SIT)  Tach.  Mem.  133  Fig.  8 
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ote :  This  ch.,rt  applies  to  sea  water  at  55°F 
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To  estimate  the  speed  of  incipient- 
cavitation  for  a  body,  lay  a  P" 
straiohtedge  on  the  given  h  and  L_ 
a  ;  the  resultant  cavitation  speedjp. 


is  the  intercept  on  the  Uj  scale 
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Fig,  35  Moment  Coefficient  as  a  Function  of  Cavitation  Number 
at  Constant  Angle  of  Attack,  AR  =  2.0. 
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Fig,  49  (a)  Lift  coefficient. 

-  Variation  with  speed  of  hydrodynamic  characteristics 
of  4>-4-0.6  hydrofoil. 
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Fig.  50  (a)  Lift  coefficient. 


-  Variation  with  speed  of  hydrodynamic  characteristics 
of  60-L-O.6  hydrofoil. 
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Fig,  51  (a)  Lift  coefficient. 

-  Variation  with  speed  of  hydrodynamic  characteristics 
of  L5-L-O.3  hydrofoil. 
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Strut  Configuration  Data 


A.  Design  factors  affecting  strut  selection 

Selection  of  a  strut  to  support  the  airplane  on  the  hydrofoil 
will  depend  upon  the  following  factors: 

1.  Airplane  gross  weight 

2.  Aerodynamic  lift  curve 

3.  Take  off  thrust 

4.  Hydrodynamic  drag  of  entire  airplane  including  estimated 
foil  system  drag 

5.  Hump  and  lift  off  speeds 

<5.  Lift  and  drag  characteristics  of  foil  for  all  operating 
conditions 

7 .  Type  of  hydrofoil  system 

The  strut  must  be  designed  to  achieve  structural  soundness 
within  acceptable  performance  boundaries.  The  main  considerations 
for  strut  design  are:  low  side  forces,  low  drag,  provision  for 
venting  the  hydrofoil,  adequate  structural  rigidity,  and  resistance 
to  flutter. 


B,  Drag 

Drag  is  most  critical  in  the  region  of  hump  speed,  where 
the  unporting  phase  of  take  off  begins.  If  sufficient  excess  thrust 
exists  at  hump  speed  to  provide  neoessary  longitudinal  acceleration, 
strut  drag  requirements  will  be  reduced  in  importance. 


C,  Side  Forces  j 

Strut  side  forces  must  be  kept  as  low  as  possible  to  minimize 
highly  undesirable  aircraft  rolling  and  yawing  moments.  For  this 
reason,  struts  should  pe  made  from  hydrofoil  profile  shapes  that 
develop  as  little  lift'.as  possible.  The  most  effective  configura¬ 
tion  is  a  supercavitatijng  strut  having  a  relatively  large  leading 
edge  wedge  angle,  flat  sides  with  relatively  high  thickness  ratio, 
and  a  blunt  trailing  edge.  The  blunt  trailing  edge  provides  early 
separation  and  a  path  for  ventilating  air  .ito  the  foil.  The 
relatively  blunt  leading  edge  induces  early  cavitation  and  a  cavity 
wide  enough  to  completely  surround  the  strut.  Any  yawing  of  the 
strut  should  then  provide  strut  clearance  from  the  cavity  boundry. 
Under  these  conditions,  the  side  loads  on  the  strut  are  minimal. 

The  actual  configuration  must  take  drag  into  consideration,  while 
the  final  design  will  be  a  compromise  between  drag,  side  forces, 
and  structural  rigidity. 
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D.  Typical  Strut  Cross-Sect.lon  Shapes 


Figure  60  shows  two  typical  struts]  one  a  streamlined 
subcavitating  shape  with  a  blunt  trailing  edge  and  the  other  a 
rectangular  supercavitating  cross-section  with  a  wedge  leading 
edge. 


E.  Subcavitating  Struts 

Figures  6 1  through  6 7  apply  to  struts  that  are  fully  wetted, 
ie.  cavitation  is  absent.  They  provide  a  breakdown  of  the  various 
drag  components  and  spray  height.  This  data  permits  calculation 
of  the  total  strut  drag  and  the  spray  height  for  a  non-yawed 
condition.  Side  force  can  be  approximated  by  using  the  subcavita¬ 
ting  lift  data  foi’  the  DTMB  aeries  HF- 1  foil  from  Figure  23  for 
the  appropriate  aspect  ratio. 

The  drag  of  a  subcavitating  strut  can  be  divided  into 
profile  drag,  wave  drag  and  spray  dragj 

1.  Profile  Drag;  Applies  to  a  section  in  two  dimensional 
flow  and  is  the  total  drag  for  fully  submerged  struts 
(pre-hump  speed).  This  term  is  the  sum  of  shear  and 
viscous  pressure  forces. 

2.  Wave  Drag  and  Spray  Drag]  For  surface  piercing  struts 
(post-hump),  wave  and  spray  drug  are  two  additional 
surface  effect  drag  terms. 

Figure  6 1  presents  the  profile  drag  for  three  NACA  airfoils 
(with  varying  thickness  and  size)  plus  one  ogive  section,  versus 
Reynolds  Number.  A  comparison  is  also  made  with  the  skin  friction 
drag  of  a  flat  plate  surface.  Figure  6 2  shows  the  ogive  strut  data 
in  more  detail.  Figure  6 3  provides  wave  drag  versus  Froude  Number, 
and  shows  this  factor  becomes  insignificant  at  higher  speeds  (for 
example,  above  approximately  20  feet  per  second  for  a  strut  with 
a  one  foot  chord).  Figure  6b  presents  spray  drag  data  for  struts 
of  varying  thickness  ratios.  Figure  6 5  is  a  plot  of  the  residual 
drag  for  a  typical  strut,  defined  as  the  total  drag  minus  the 
profile  drag]  or  in  other  terms,  the  spray  drag  plus  the  wave  drag. 

For  speeds  greater  than  20  feet  per  second,  where  the  wave 
drag  diminishes,  the  residual  drag  is  approximately  equal  to  the 
spray  drag.  This  is  the  region  of  interest  for  a  seaplane,  since 
unporting  will  occur  at  speeds  above  20  feet  per  second.  Figure  66 
shows  the  direct  influence  of  thickness  ratio  on  profile  drag,  while 
Figure  67  provides  spray  height  information  versus  speed. 
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F.  Supercavitating  Struts 

For  supercavitating  struts,  Figure  68  presents  drag  coeffici¬ 
ents  for  varying  leading  edge  angles)  the  leading  edge  of  the  wedge 
is  the  only  portion  of  the  strut  in  contact  with  the  water.  The 
cavity  left  behind  provides  the  boundary  wall  which  limits  the  size 
of  the  strut.  Any  size  or  shape  strut  can  be  introduced  inside  the 
cavity  without  affecting  the  drag  or  side  force.  Figure  69  pro¬ 
vides  the  cavity  width,  while  Figure  70  presents  cavity  length 
information.  The  effect  of  strut  yaw  (with  the  strut  remaining 
inside  the  cavity  boundry)  must  be  considered  when  selecting  lead¬ 
ing  edge  angle. 


With  this  data,  it  is  possible  to, select  a  strut  configura¬ 
tion  providing  the  desired  performance  and  structural  strength. 
This  is  a  preliminary  step  toward  testing  the  system  for  further 
refinement . 
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Fig,  66 


PROFILE  DRAG  OF  TWO  SECTIONS  AS  A  FUNCTION 
OF  THICKNESS  RATIO 


Reft  Davidson  Lab  (SIT)  Rapt,  R-596  Fig,  3 
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V.  Full  Scale  Hydrofoil  Test  Results 


A.  U.S.  Navy  JRF-5G  F.qui  pp«d  with  Grunberg  Supercavi tating 
Hydrofoil  System 

Under  U.S.  Navy  sponsorship,  during  1957  to  1963,  the  F!do 
Corporation  designed,  installed  and  flight  tested  a  Grunberg  super¬ 
cavitating  hydrofoil  system  on  a  JRF-5G  (Grumman  Goose)  amphibian. 
Subsequently  during  1963  and  1964  this  airplane  configuration  was 
further  tested  and  evaluated  by  the  U.S.  Navy  at  the  Naval  Air  Test 
Center,  Patuxent  River,  Maryland.  Front  and  side  views  of  the 
installation  are  given  in  Figure  3*  This  installation  used  the 
largest  supercavitating  hydrofoil  built  at  that  time  and  was  the 
first  application  of  a  supercavitating  hydrofoil  to  an  airplane. 
References  42,  43  and  44  cover  the  work  done  by  Edo,  while  reference 
139  reports  on  the  flight  test  evaluation  performed  by  the  Navy. 

The  Grunberg  supercavitating  hydrofoil  system  used  on  the 
JRF-5G  was  developed  jointly  by  the  Office  of  Naval  Research, 
National  Aeronautics  and  Space  Administration  and  the  Bureau  of 
Naval  Weapons.  The  system  consists  of  a  Tulin  supercavitating 
surface-piercing  hydrofoil  (c^=0.2)  near  the  airplane  eg  and  two 
planing  bow  skids,  Figures  3  and  71*  The  bow  skids  were  incorpnted 
for  the  dual  purposes  of  properly  trimming  the  airplane  during 
unporting  and  to  prevent  the  airplane  from  diving  in  case  of  hydro¬ 
foil  failure.  For  an  operational  installation,  the  hydrofoil  would 
be  located  slightly  further  forward  with  the  bow  skids  eliminated. 

The  hydrofoil  was  constructed  of  ATS!  4l6  stainless  steel 
heat  treated  to  150,000  psi  tensile  strength.  For  the  purpose  of 
providing  corrosion  and  erosion  resistance,  a  hard  electro-plated 
nickel  coating  was  applied  .003  inches  thick  over  the  entire  foil. 

The  test  airplane  was  instrumented  with  a  photopanel, 
oscillograph,  and  flight  test  boom.  Water  speed  data  were  derived 
from  airspeed  recordings  and  wind  information  taken  by  an  outside 
observer.  The  hydrofoil  and  skid  struts  were  equipped  with  strain 
gauges  to  measure  water  impact  loads. 


The  bow  skids  and  hydrofoil  could  be  raised  and  lowered 
hydraulically  to  permit  operation  on  land  o^  water.  hand  operation 
was  limited  to  taxiing  performed  with  the  skids  and  foil  raised. 

The  main  landing  gear  oleos  were  extended  end  stiffened  to  provide 
adequate  ground  clearance.  Water  entry  was  gained  by  taxiing  down 
a  ramp:  once  waterborne,  the  skids  and  foil  were  lowered  and  locked 
The  skids  and  foil  remained  down  and  locked  for  all  water  take  offs 
and  landings,  as  well  as  all  flight  work.  Raising  the  bow  skids  in 
flight  would  make  the  airplane  pitch  up  uncontrollably.  The  hydro¬ 
foil  could  be  raised  in  flight  and  would  permit  an  emergency  runway 
landing  on  the  stiffened  landing  gear  in  a  three  point  attitude 
(to  provide  a  ground  clearance  of  the  lowered  bow  skids). 
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A.  U.S.  Navy  JRF-5G  Equipped  with  Grunberg  Supercavi tuting 
Hvdro foil  Sv*t«m 

The  take  off  maneuver  was  difficult  to  accomplish  due  to 
marginal  excess  thrust  plus  marginal  stability  and  control  existing 
during  unporting.  This,  of  course,  was  the  reajl i  of  the  airplane 
not  being  specifically  designed  for  hydrofoil  operation  coupled 
with  the  large  amount  of  drag  exhibited  by  this  particular  hydrofoil 
system.  The  bow  skids  created  considerable  spray  when  approaching 
and  during  hump  speed,  necessitating  complete  dependence  upon  the 
flight  instruments  for  control  of  the  airplane.  Airborne,  the 
airplane  was  nearly  neutrally  stable,  both  longitudinally  and 
directionally,  due  to  the  large  bow  skids  and  supporting  strut  area. 
Landing  technique  was  similar  to  that  of  a  conventional  seaplane 
and  was  different  only  because  of  the  marginal  stability  of  the 
airplane  exhibited  during  approach. 

In  the  hydrofoil  planing  condition,  the  pitch  attitude  of 
the  airplane  could  be  varied  from  the  lower  limit,  where  the  bow 
skids  contacted  the  water,  to  the  upper  limit,  determined  at  low 
speeds  by  elevator  control  limit  and  at  high  speeds  by  bouncing  or 
a  heaving  motion  of  the  airplane.  Figure  72  shows  trim  angle  data, 
plotted  against  speed  and  the  upper  boundary  for  bounce-free  operation. 
Bouncing  occured  on  nearly  all  landings  regardless  of  the  airspeed, 
rate  of  descent  and  wave  height.  Under  calm  water  conditions,  the 
houncing  could  be  prevented  by  keeping  sink  rate  and  airspeed  to  a 
minimum  at  touch  down  and  immediately  decreasing  the  pitch  attitude 
after  touch  down  to  below  the  bounce  boundary. 

When  planing  on  the  hydrofoil,  the  JRF-5G  tended  to  diverge 
slowly  from  a  selected  heading  and  diverge  rapidly  from  a  selected 
bank  angle.  These  tendencies,  coupled  with  weak  directional  and 
lateral  control  effectiveness  at  the  low  speed  end  of  the  planing 
phase,  required  many  large,  rapid  aileron  and  rudder  control  inputs. 
Both  directional  and  lateral  control  power  improved  from  barely 
sufficient  at  low  speeds  to  satisfactory  at  take  off  speed, 

The  power  required  to  plane  on  the  hydrofoil  decreased  from 
an  estimated  maximum  of  760  BHP  at  hump  speed  (21  knots  water  speed) 
to  a  minimum  of  400  BHP  in  the  40  to  45  knot  range.  This  data  was 
determined  during  stabilized  speed  runs  shown  in  Figure  73.  Beyond 
this  speed,  the  power  required  gradually  increased  to  560  BHP  at 
70  knots.  Figure  74  shows  photographs  of  the  JRF-5G  planing  at 
various  stabilized  speeds,  including  side  views  of  the  accompanying 
spray  patterns.  Figure  75  shown  the  longitudinal  acceleration  of 
the  airplane  at  various  power  settings.  The  hump  speed  is  clearly 
defined  at  about  21  mph  waterspeed,  wiuh  minimum  drag  at  40  mph; 
corresponding  to  the  minimum  drag  point  shown  in  Figure  75. 

Time  histories  of  a.  take  off  and  landing  are  given  in 
Figures  76  and  77.  It  can  be  clearly  seen  that  below  30  knots 
large  rudder  and  aileron  inputs  are  required  to  control  the  airplane. 

Figure  78  presents  impact  normal  acceleration  at  the 
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A.  U.S.  Navy  JRF-5G  Equipped  with  Grunberg  Supercavi tating 
Hydrofoil  system  (continued) 

airplane  eg  versus  sink  rate.  Date  are  also  presented  in  reference 
139  for  the  foil  loads  versus  sink  speed.  Tn  both  cases,  the 
relation  of  load  and  acceleration  is  linear  with  sink  speed. 

Figure  79  shows  the  variation  of  elevator  position,  trim 
angle,  bow  skid  bending  stress  and  hydrofoil  main  strut  compression 
loud  with  waterspeed. 


Ti.  HRV-1  (LA-4a)  Equipped  with  Thurston  Aircraft  corporation 
Supercavitating  Hydrofoil 

Under  U.S,  Navy  contracts,  the  Thurston  Aircraft  Corporation 
designed,  installed  and  flight  tested  during  1966  to  1968  a  single 
supercavitating,  surface-piercing  hydrfoil  on  a  Skimmer  I.A-^IA 
amphibian,  page  i.  This  airplane  was  designated  Hydro  Research 
Vehicle  (HRV-1 ),  and  was  the  same  aircraft  used  for  previous  hydro- 
dynnmic  flight  test  work  with  hydro-skis.  This  installation  was 
11m-  first  application  of  a  single  supercavitating  hydrofoil  on  an 
airplane.  References  128,  129  and  130  cover  the  hydrofoil  test  work 

performed  during  this  program. 

The  HRV-1  hydrofoil  was  a  6.25  degree  wedge  with  a  ,30  degree 
1  eliding  edge  angle  and  a  flow  breakaway  groove  inch  behind  the 
lp'iling  edge  on  the  upper  surface,  Figure  80,  and  was  cast  from 

1  aluminum  alloy.  The  projected  plani'orm  u  i  ea  of  ion  square 
inches  satisfied  both  the  desired  foil  loading  speed  requirement 
and  the  scale/weight  relationship  compared  to  a  proposed  IIU-16 
installation.  Figure  81  shows  a  profile  view  of  the  HRV-1  with 
the  hydrofoil  extended  to  its  maximum  of  22  inches.  The  strut  was 
a  subcavi tating  streamlined  shape  with  a  blunt  trailing  edge, 

Figure  60,  Two  close-up  photographs  of  the  foil  and  strut  installed 
on  the  HRV-1  are  shown  in  Figure  82. 

The  test  airplane  was  instrumented  with  an  oscillograph 
recording  strut  loads,  hull  pressures, pi tch  angles  and  eg  acceleration. 
Pc  r,.  pence  129  shows  the  results  of  tests  with  the  strut  located  at 
In  1  I  station  79,  while  reference  130  shows  the  results  with  the 
strut  at.  station  96.23;  the  eg  was  located  at  hull  station  106  for 
both  strut  locations. 

A  comparison  of  data  for  the  hydrofoil  versus  the.  airplane 
basic  hull  showed  the  hydrofoil  reduced  the  hull  hot  tom  pt^^ssures  by 
about  35  percent  and  the  normal  acceleration  factor  by  abqut  70  percent 
in  calm  water.  Under  conditions  of  one  and  one  half  to  two''  fbot 
waves,  the  hull  pressures  were  reduced  by  about  50  percent  and  the 
acceleration  again  by  about  70  percent,  as  discussed  in  Chapter  VI. 
Hydrofoil  take  off  times  were  reduced  by  approximately  30  percent 
compared  to  the  basic  hull  performance  figures. 
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HRV- 1  (LA-4A)  Equipped  with  Thur *  tnn  _ j..,  ... 

Supercavitating  Hydrofoil  (Continued) 


Hi®  JRF-5C  and 
seaplane  configurations 
to  datei  both  sponsored 


the  HRV- 1  represent  the  only  two  hydrofoLl 
developed  and  tested  in  the  United  States 
Ly  the  Department  of  the  Navy. 
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Bow  Skid  Configuration  B 
CG  -  2  .L  7?4  MAC 
30°  Flaps 


Symbol  Gr.  wt.-lb  Wave  Ht-ft  Hoadwind~kt 
0  O  9450  1  b  co  9 

□  □  9450  1/2  0  to  6 

O  O  9570  1/2  to  1  2  to  7 
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INDICATED  AIRSPEED-KT 


Fie.  72 

JRF-5G  Airplana 
BuNo  37782 

UPPER  HYDRODYNAMIC  LONGITUDINAL  STABILITY  LIMIT 


REFs  U.S.  Naval  Air  Test  Center,  Report  No.  FT2121' 
35R-65,  dated  25  July  1965 
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HORSEPOWER 


Bow  Skid  Configuration  B 
Gross  Weight  -  .9,450  lb,  CG  -  21.7%  MAC 
Wave  Height  -  1  ft,  Headwind  -  5  to  10  kt 
Surface  Temperature  -  64°  F 
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JRF-5G  Airplane 
BuNo  3770? 


POWER  REQUIRED  FOR  PLANING  VERSUS  WATERSPEED 


Fif T.  73 

REF:  U.S.  Naval.  Air  Test  Center,  Report  No. 

FT212  1-'35R-<>r>,  dated  July  10fi5 
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Bow  Sl:id  Configuration  B 
Gross  Weight  -  9,390  lb,  CG  -  21.7%  MAC 
Wave  Height  -  1/2  ft ,  Surface  Temperature  —  5 
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IMPACT  NORMAL  ACCELERATION  AT  CG- 


Fig.  78 

JRF-5G  Airplano 
BuNo  37782 

CG  NORMAL  ACCELERATION  VS  SINK  RATE 


REF:  U.S.  Naval  Air  Test  Center,  Report  No.  FT2 1 2 1 -35R-65 , 

dated  25  July  1965 
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Fig.82A  Hydrofoil  No.  1  Retracted 


Pig.  82B 
Hydrofoil  No.  1 
Extended  22n 
on  Strut  No.  2 


(Ref.  No.  129?  TAC 
Report  6702-3) 
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VI.  Hydrofoil  Application  to  Seaplane  Design 
A.  Longitudinal  Location 


Development  of  a  hydrofoil  configuration  for  seaplane  operation 
must  be  conducted  parallel  with  the  basic  aircraft  design.  The  foil 
longitudinal  location  along  the  hull  bottom  is  most  critical  due  to 
foil-strut  L/D  force  vector  oscillations  occuring  from  heave,  trim 
changes,  and  wave  front,  variations  experienced  during  take  off;  it 
is  imperative  that  the  resultant  L/D  vector  angle  does  not  move 
excessively  —  creating  pitch  trim  oscillations  that  cannot  be  cor¬ 
rected  by  normal  pilot  control  reaction. 

While  this  operational  condition  is  more  critical  for  relat¬ 
ively  small  seaplanes  of  low  mass  and  moment  of  interia  compared 
to  long  range  open  sea  boats,  any  sudden  shift  of  hydrofoil  result¬ 
ant  vector  will  necessitate  a  rapid  trim  correction  adding  to  the 
horizontal  tail  load  and  so  prolonging  take  off  (due  to  increased 
loading  of  the  wing  and  foil). 

Reference  130  presents  tho  results  of  an  initial  study  concerned 
with  the  comparative  location  of  a  single  surface-piercing  hydrofoil 
on  the  HRV- 1  test  bed.  Flight  test  data  confirmed  that  the  hydro¬ 
foil-strut  combination  L/D  vector  must  be  located  to  pass  ahead  of 
the  most  forward  center  of  gravity  location  anticipated  during 
seaplane  operation. 

The  hydrofoil  must  be  positioned  with  the  realization  that 
the  nearer  the  foil-strut  l/d  vector  approaches  the  seaplane  eg, 
the  greater  the  landing  load  impact  factor  will  become  relative 
to  a  more  forward  location.  Of  course,  since  the  hydrofoil  is  an 
excellent  water  landing  impact  load  alleviation  device,  any  foil 
maximum  landing  load  factor  will  be  considerably  less  than  that  of 
the  basic  hull  (Reference  129,  page  16),  Countering  the  more  forward 
location  of  a  foil  to  reduce  impact  loads  is  the  additional  considera¬ 
tion  that  a  forward  location  tends  to  increase  longitudinal  pitch 
changes  with  foil  lift  variations  during  take  off  and  will  result 
in  increased  nose  up  pitch  during  the  landing  run  out. 

As  an  initial  approximation  for  basic  design,  the  single 
hydrofoil  center  of  lift  should  be  positioned  .35  to  .50  MAC  ahead 
of  the  airplane  normal  eg  location.  The  proper  longitudinal  location 
of  a  hydrofoil  for  the  HRV-1  is  shown  on  Figure  83  referred  to  the 
normal  gross  weight  eg. 


B.  Extension  versus  Sea  State  Capability 

While  it  may  be  properly  agreed  that  no  substitute  exists  for 
thrust  and  lift  to  reduce  water  contact  time  and  run  during  take 
off,  these  factors  cannot  reduce  landing  impact  into  a  rough  sea  to 
the  degree  possible  with  a  surface-piercing  hydrofoil.  Therefore, 


IL -  THURSTON  AIRCRAFT  CORPORATION  man  no  6912 

r _  SANFORD,  MAINS  DATS _ 


B.  Extension  versus  Sea  State  Capability  (Continued) 

tne  amount  ol'  foil  extension  to  provide  sea  state  capability  in 
rough  seas  becomes  another  major  factor  to  be  considered  as  the 
basic  seaplane  design  develops. 

Neglecting  power,  a  hull  capable  of  handling  four  foot  seas 
should  be  able  to  negotiate  eight  foot  waves  if  the  hydrofoil  is 
positioned  four  feet  below  the  keel.  Actually,  this  will  not  be 
so,  since  the  airplane  first  must  have  the  capability  to  climb  over 
the  hump  and  plane  before  it  becomes  foil  borne.  While  excess 
thrust  at  relatively  low  hump  speed  will  materially  assist  in 
reducing  damaging  wave  impact  duration,  the  airplane  must  not 
experience  foil  unporting  prior  to  attaining  sufficient  speed  to 
permit  aerodynamic  control  about  all  three  axes  (see  discussion 
of  following  Section  D), 

Hydrodynamically,  subject  to  the  limitation  of  hydrofoil 
support  strut  drag  on  the  margin  of  excess  thrust,  a  properly 
designed  hydrofoil  may  be  located  as  far  below  thB  hull  as  design 
sea  state  conditions  require.  Practically,  design  compromise  will, 
be  necessary  in  the  areas  of  handling  qualities,  support  strut 
column  rigidity  and  weight,  as  well  as  retracted  storage  require¬ 
ments  and  retraction  system  weight. 

As  shown  by  the  test  results  of  Reference  129  and  Figure  84, 
increasing  the  strut  extension  from  17  inches  to  22  inches  on  the 
HRV-1  reduced  the  hydrofoil  landing  impact  factor  by  40%  in  rough 
sea  conditions.  Since  the  surface-piercing  hydrofoil  tends  to 
submerge  upon  rough  water  contact,  it  is  apparent  that  increased 
strut  extension  provides  a  greater  deceleration  time  interval; 
resulting  in  reduced  hull  bottom  contact  velocity.  (As  a  matter 
of  Interest,  a  22  inch  strut  extension  on  the  HRV-1  corresponds 
to  a  5*4  inch  extension  for  the  HU-16  "Albatross"  amphibian.) 

While  maximum  strut  extension  is  desirable  for  rough  sea 
operation,  intermediate  extension  positions  should  be  used  for 
take  off  in  reduced  sea  state  conditions.  Through  this  procedure 
strut  drag  is  reduced,  permitting  minimum  take  off  run  and  time 
under  conditions  usually  accompanied  by  relatively  low  surface 
wind  vv_  ities.  However,  it  is  recommended  that  all  landings  be 
made  a.  maximum  strut  extension  to  reduce  hull  bottom  plating 
pressure  loadings. 


C.  Impact  Load  Factors  and  Bottom  Pressures 

The  effect  of  hydrofoil  extension  as  a  landing  load  alleviation 
device  to  reduce  maximum  impact  load  factor  and  hull  bottom  pressures 
is  demonstrated  by  test  data  for  the  IIRV- 1  presented  in  Figures  84 
and  85.  Impact  loads  with  the  extended  foil  were  ’/')  the  basic  hull 
values,  while  maximum  bottom  pressure  loadings  were  reduced  35%. 

Carrying  these  reduced  loadings  into  the  hull  structure  will 
result  in  considerable  savings  in  both  airframe  complexity  and  weight. 
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C.  Impact  Load  Factors  and  Bottom  Pressures  (Continued) 
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reduced  airframe  cost.  Experience  with  the  hydrofoil  system 
installed  on  the  HRV- 1  has  indicated  the  complete  system,  includ¬ 
ing  structural  provisions  and  retracting  mechanism,  can  be  installed 
for  leas  than  h%  of  the  airplane  gross  weight.  A  35#  reduction  in 
bottom  pressure  loadings  should  provide  at  least  a  corresponding 
weight  reduction  in  hull  bottom  plating  and  supporting  structure; 
a  saving  in  weight  and  cost  that  will  permit  installation  of  the 
seaplane  hydrofoil  system  as  a  balanced  structural  trade  off,  As 
a  result,  seaplanes  designed  for  hydrofoil  operation  realize  in¬ 
creased  sea  state  capability  without  weight  penalty.  In  fact,  TAC 
preliminary  studies  have  indicated  that  a  complete  hydrofoil  system 
for  a  90*000  pound  seaplane  designed  to  unport  at  60  mph  should 
weigh  less  than  3#  of  gross  weight,  including  foil,  strut,  retract¬ 
ion  system,  and  supporting  structure.  As  presented  in  Chapter  VITT , 
the  larger  the  seaplane  the  smaller  the  percentage  of  gross  weight 
that  must  be  allocated  to  the  hydrofoil  system;  the  attendant  re¬ 
duction  in  hull  weight  permits  incorporation  of  a  hydrofoil  system 
plus  increased  payload  and  sea  state  capability  at  a  fixed  gross 
weight . 

To  take  full  advantage  of  the  hydrofoil  system  described  in 
this  study,  hull  design  requirements  for  hydrofoil  seaplanes  should 
be  revised  to  include  load  alleviation  benefits  associated  with 
hydrofoil  operation. 


D.  Hydrofoil  Size 

The  hydrofoil  size  for  a  given  seaplane  configuration  must  be 
based  upon: 

1 .  desired  unporting  velocity 

2.  hydrofoil  section  properties 

3.  airplane  trim  angles  during  take  off  run 

4.  available  thrust  versus  velocity  during  take  off 

5.  hydrofoil  and  strut  system  drag  versus  velocity. 


1,  Of  all  these  parameters,  the  desired  unporting  velocity  requires 
most  thorough  initial  consideration.  The  airplane  must  be  aerodynami- 
cally  controllable  about  all  three  axes  at  unporting  speed  or  it  will 
become  unmanageable;  resulting  in  an  aborted  take  off,  or,  more  likely, 
a  damaging  water  loop  at  fairly  high  speed. 

For  small  seaplanes  up  to  6,000  pounds  gross  weight,  sufficient 
aerodynamic  control  should  be  available  at  unporting  speeds  of  45  to 
50  mph;  larger  aircraft  with  higher  "wing  loadings  will  require  higher 
unporting  speeds  to  assure  sufficient  aerodynamic  control.  Once  foil- 
borne,  the  single  hydrofoil  seaplane  Is  perched  upon  a  pivot  hinged 
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n.  Hydrofoil  "ita  (Continued; 

at  the  water  surface ,  requiring  surface  control  niponn*  In  sufficient 
degree  to  provide  trim  and  stability  until  airborne.  Therefore, 
unporting  speed  is  basically  an  aerodynamic  consideration  rather 
than  hydrodynamic,  and  must  be  established  prior  to  determining 
hydrofoil  area. 

2.  For  aircraft  use,  as  previously  noted  on  page  19,  the  hydro¬ 
foil  should  be  of  supercavi tating  type|  configuration  properties 
are  set  forth  in  detail  in  Chapter  ITT. 

3.  Airplane  trim  angles  are  required  to  determine  wing  and  hydro¬ 
foil  lift  during  the  take  off  run  and  at  importing.  The  hydrofoil, 
incidence  angle  relative  to  the  seaplane  reference  line  must  be  set, 
to  prevent  hydrofoil  lift  from  heaving  the  airplane  into  an  unported 
condition  prior  to  the  desired  unporting  speed  (and  related  aero¬ 
dynamic  control  velocity).  Most  seaplanes  trim  at  approximately 

8  degrees  during  planing,  and  this  angle  could  be  considered  for 
preliminary  design  purposes. 

4.  An  adequate  thrust  margin  must  be  available  to  assure  rapid 
transition  from  hull  displacement  to  the  planing  hydrofoil  regime. 

This  requirement  is  particularly  critical  for  heavy  sea  state 
operation  where  wave  impact  duration  and  relative  hull  velocity  at 
impact  should  be  at  a  minimum.  Since  hydrofoil  aircraft  may  experi¬ 
ence  two  hump  regions  of  operation,  the  first  when  the  hull  planes 
and  the  second  when  foil  lift  displaces  the  hull  above  the  water 
surface,  it  is  necessary  that  the  thrust  margin  be  maintained  at 
higher  velocities  than  necessary  for  basic  hull  transition  from  the 
displacement  to  the  planing  mode.  As  the  foil  comes  into  action, 
sufficient  thrust  margin  must  be  available  to  overcome  hull,  strut, 
and  foil  hydrodynamic  drag  as  well  as  the  aerodynamic  drag  of  the 
airplane;  and  with  sufficient  margin  to  continue  take  off  accelera¬ 
tion  through  hydrofoil  unporting.  Complete  ventilation  of  the 
hydrofoil  and  support  strut  will  materially  reduce  system  drag  as 
velocity  increases  toward  unporting  speed. 

Propeller  driven  aircraft  characterstically  experience  a 
decrease  in  thrust  with  velocity  during  the  take  off  run,  and  must, 
be  designed  with  an  excess  thrust  margin  prior  to  hydrofoil  unport¬ 
ing,  Turbo  jet  aircraft  normally  experience  a  slight  thrust  increase 
during  the  take  off  phase,  permitting  a  matching  of  static  thrust 
to  the  margin  desired  during  unporting.  For  either  type  of  pro¬ 
pulsion  system,  other  design  factors  such  as  STOL  performance  may 
determine  thrust  requirements;  however,  to  assure  smooth  importing 
and  a  controllable  take  off  from  the  planing  hydrofoil,  adequate 
excess  thrust  margin  must  be  maintained  at  higher  speeds  than  is 
necessary  for  conventional  hull  configurations. 

5.  Hydrofoil  and  strut  drag  during  take  off  must  be  determined 
with  the  view  of  establishing  the  minimum  strut  cross  section 
necessary  to  provide  adequate  structural,  rigidity,  and  the  minimum 
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D.  Hydrofoil  Size  (Continued) 


foil  area  required  to  provide  desired  lilt  at  unporiing.  Examples 
of  hydrofoil  area  calculation  follow. 


a)  2300  pound  gross  weight  HRV-1: 

Hull  trim  angle  upon  the  step  ■  7-3°>  wing  C}  at  this  hull 

angle  a  1 . 65  j  S  a  170  sq.  ft.j  desired  unporting  speed  of 
40  knots  (67.5  fp>a). 

(i)  Wing  lift  a  1.65  x  .00119  x  170  x  (67. 5)2 

L  -  1520  lbs. 
w 

(ii)  Foil  borne  load  contribution  a  2300  -  1520 

Lr  »  780  lbs. 

Foil  CL  a  .27  (Ref.  45,  Pg. 13) 

p  m  62.4/32.2  a  1,94  for  fresh  water 

S  *  LH  ■  _ 280 _ a  ,67  sq.  ft. 

cLp/2  v2  .27  x  1 . 9^/2  x  (67.5)U 

It  should  be  noted  that  an  axial  load  of  780  to  800 
pounds  was  frequently  recorded  in  the  HRV-1  hydrofoil  support 
strut,  but  was  not  exceeded.  The  HRV-1  support  strut,  foil, 
retraction  system,  and  hull  structure  reinforcement  weighed 
73  pounds  (3.2#  design  gross  weight). 

b)  90,000  pound  open  ocean  seaplane  (preliminary  design); 

Wing  CL  at  unporting  «  2.2j  sw  a  2000  sq.  f t . 1  desired 

unporting  speed  of  50  knots  (84  fps). 

(i)  Wing  lift  a  2, '2  x  .00119  x  2000  x  (84) 2 

a  37,000  lbs. 

(ii)  Foil  borne  load  contribution  a  90,000  -  37,000 

Lh  a  53,000  lbs. 

Foil  CL  B  .26  (Fig.  24,  oC  B  8°,  AR  =  4) 

S..  =  LH  ■  53.000  *  28.5  sq.  ft. 

H  “Lp72"'^  ;zrXuW/'2 

Span  (AR  of  4)  a  13  ft. 

System  and  structural  support  weight  (6°  wedge,  steel 
foil)  are  estimated  at  2540  lbs,  or  2.8$  of  design  gross 
weight,  including  hull  reinforcement  and  retraction  provisions 


NOTE:  Since  heavy  sea  state  operation  will  normally  be  accompanied 

by  surface  winds  which  decrease  the  water  speed  for  a  given  wing 
lift  value,  the  decreased  contribution  of  hydrofoil  lift  (or, 
conversely,  the  increased  hydrofoil  area  required)  will  have  to  be 
taken  into  consideration  when  determining  unporting  speed  at  the 
design  soa  state  conditions.  The  use  of  a  flapped  hydrofoil  could 


be  most  beneficial 


under  these  conditions. 
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VII.  Hydrofoil  Seaplane  Design  Optimization 


A.  Design  Factors  for  Integration  of  Hydrofoil  and  Seaplane 

As  discussed  in  Chapter  VI ,  a  successful  hydrofoil  equipped 
seaplane  must  consider  hydrofoil  effect  upon  airplane  performance, 
handling  qualities,  and  structural  design.  The  hydrofoil  alters 
the  mode  of  operation  on  the  water  so  dramatically  that  adding  a 
well  designed  hydrofoil  system  to  an  existing  senplane  without 
modifying  the  powerplant  or  control  systems  would  probably  result 
in  an  unsatisfactory  combination. 

Factors  to  be  considered  during  the  initial  design  of  a 
hydrofoil  seaplane  are « 

1.  Hydrofoil  unporting  speed 

2.  Excess  thrust  at  hump  and  unporting  speeds 

3.  Airplane  stability  and  control,  particularly  during  the 
unporting  and  foilborne  phases, 

4.  Spray  pattern  in  relation  to  powerplant  ingestion  and 
airframe  impingement 

5.  Hydrofoil  performance  and  load  capability 

6.  Hull  design  considerations  reducing  required  hull  strength, 
and  resulting  weight  savings 

7.  Hydrofoil  retracting  design  to  maximize  airborne  performance. 
H.  Stability  and  Control 

Experience  to  date  with  two  full  scale  hydrofoil  test  seaplanes 
has  shown  that  basic  airplane  stability  and  control  are  inadequate 
at  the  low  speed  end  of  foilborne  operation.  The  airplane  is  placed 
atop  an  extended  strut  at  speeds  below  stall;  and  must  remain  stable 
during  unporting  and  take  off  acceleration  maneuvers  through  its 
inherent  aerodynamic  stability  and  by  the  pilot's  control.  During 
planing,  a  conventional  seaplane  is  acted  upon  by  hydrodynamic  and 
aerodynamic  forces  which  combine  to  produce  a  stable  condition  in 
pitch  and  yaw,  with  a  mildly  unstable  condition  in  roll;  however, 
to  maintain  a  wings  level  condition,  seaplane  ailerons  are  designed 
to  provide  adequate  control  at  very  low  airspeeds.  At.  higher 
planing  speeds,  the  elevator  and  rudder  become  effective  to  provide 
aerodynamic  pitch  and  yaw  control. 

When  equipped  with  a  hydrofoil,  the  seaplane  is  raised  out 
of  the  water  and  the  stabilizing  hydrodynamic  forces  are  replaced 
by  a  destabilizing  force  vector  from  the  fo i 1 .  This  vector  acts 
about  the  airplane  eg,  producing  upsetting  moments  which  can  only 
be  counteracted  aerodynamical ly.  If  the  design  permits  large  foil 
vector  moment  arms  about  the  eg  coupled  with  inadequate  aerodynamic 
stability  and  control  at  these  slow  speeds,  the  airplane  becomes 
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|t.  Stability  and  I’ontroL  (Continued) 

uncontrollable  al  unporting)  under  such  conditions  transition  to 
tiio  pinning  condition  would  not  be  attainable  anti  the  take  o  IT  must 
be  .aborted. 


For  this  reason,  the  low  speed  elm  rar teri s tics  of  the  airplane 
and  the  hydro  fo  i  1 -s  t  ru  t  combination  must  be  carefully  nnaly/.ed.  The 
hyd  ro  f  o  i  1  -  s  t  rut  resultant  l./l)  vector  must  not  only  pass  close  to  the 
eg  (per  chapter  V I .  A),  but  must  also  stay  as  nearly  constant  ns 

possible  during  importing  and  at  slow  speeds.  Any  change  in  1,/p 
will  change  the  vector  moment  arm  about  the  airplane  eg,  resulting 
in  pitch  trim  changes,  Figure  86. 

The  upsetting  effects  of  the  1,/t)  force  vector  changes  can  be 
minimized  by  reducing  the  strut  length.  As  reviewed  in  Chapter  VI, 
this  length  normally  will  be  a  compromise  between  handl  ing  qua  1  iti.es, 
strut  system  weight,  design  sea  state  wave  heights,  and  minimum 
spray  pattern  conditions.  Since  any  foil  will  ventilate  when  it. 
imports,  in  order  to  maintain  nearly  steady  state  foil  conditions 
during  unporting  and  the  early  phase  of  foil  planing,  cavitation 
and  ventilation  of  the  foil  anil  strut  must  occur  prior  to  importing. 

figure  86  shows  I  lie  forces  acting  on  the  foilbotne  airplane 
in  the  longitudinal  plane.  The  fore  and  aft.  location  of  the  hydro- 
fall  is  related  to  'ongitudlnal  control  power.  Moving  the  hydrofoil 
aft  shortens  tdie  moment  arm  of  the  tall  about,  the  hydrofoil,  thereby 
not  only  requiring  more  nose  up  trim  but  larger  elevator  deflections 
to  maintain  control.  In  addition,  this  increases  the  loading  on 
the  foil  and  wing,  since  the  tail  force  is  increased  in  the  down¬ 
ward  direction.  Variations  in  the  foil-strut  l./l)  (ll^  -  resultant 
force  of  the  foil)  will  require  changes  in  H,„  (resultant,  force  of 
the  tail)  to  maintain  equilibrium  and  control. 

From  the  aerodynamic  viewpoint,  the  airnlnne  must  possess 
sufficient  stability  and  control  In  pitch  to  permit  holding  the 
desired  trim  attitude.  'Phis  can  mean  larger  than  normal  control 
surfaces,  or  increased  offectivenoss  through  boundry  layer  control 
as  used  on  some  STOI  airplanes. 

In  the  roll  mode,  the  airplane  is  destabilized  when  foilhorne 
due  to  the  increased  foil -strut  force  vector  moment  arm  acting  about 
the  ig.  litis  decreased  stability  results  in  a  more  rapid  "wing 
drop"  motion  requiring  larger  and  more  rapid  aileron  input  to  main¬ 
tain  a  wings  level  atti tudo.  The  predominant  factors  affecting 
roll  stability  are  strut  length  and  foi  1  -  si  rut  comb  i  tin  t  i  on  side 
forces  due  to  vow. 

lastly,  the  yaw  mode  dire  tional  stability  is  also  dependent 
upon  the  longitudinal  location  of  the  fo i  I -st  rut  system  with  respect 
to  the  airplane  eg  a  «-•  well  as  the  side  forces  resulting  from  to  i  I  - 
strut  yaw.  'loving  the  foil  and  strut  aft  will  reduce  the  side  load 
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B.  Stability  and  Control  (Continued) 


capability,  improving  this  condition.  Yaw  instability  is  of  greatest 
*1gn1f1n«nn*  during  the  importing  phase,  when  the  strut  can  make  its 
side  force  contribution.  After  the  foil  unports,  the  strut  is  mostly 
clear  of  the  water  with  its  side  force  input  essentially  eliminated. 
The  major  side  force  contribution  then  comes  from  the  foil  and  is 
of  relatively  minor  nature,  acting  at  higher  aerodynamic  speeds 
accompanied  by  more  effective  rudder  control. 


C.  Performance 

The  waterborne  performance  aspects  of  hydrofoil  seaplane 
design  center  about  the  excess  thrust  available  at  hump  and  unport¬ 
ing  speeds.  Excess  thrust  must  provide  sufficient  acceleration  to 
realize  acceptable  take  off  times  and  distances.  To  meet  these 
requirements,  available  thrust  must  be  as  high  as  possible,  con¬ 
sistent  with  other  design  requirements,  and  the  airplane  total  drag 
must  be  kept  at  a  minimum.  Factors  affecting  the  airplane  total 
drag  are: 

1 .  Hump  speed 

2.  IJnporting  speed 

3.  Hull  hydrodynamic  drag 

4.  Hydrofoil-strut  combination  hydrodynamic  drag 

5.  Aircraft  aerodynamic  drag. 

Hump  speed  occurs  as  the  hull  transitions  from  a  displacement 
to  a  planing  body  and  usually  occurs  at  a  speed  where  excess  thrust 
is  minimum;  normally  coinciding  with  the  speed  at  which  total  drag 
is  a  maximum.  In  the  case  of  a  conventional  seaplane  without  a 
hydrofoil  system,  the  total  drag  at  hump  speed  is  predominantly 
hydrodynamic  with  a  minor  contribution  from  aerodynamic  drag.  This 
hydrodynamic  drag  peaks  at  hump  speed  as  the  displacement  hull  rises 
in  the  water;  then  diminishes  as  the  hull  begins  to  plane.  With 
the  addition  of  a  hydrofoil  system  and  its  associated  drag,  the 
total  hydrodynamic  drag  will  be  greater  than  for  a  conventional 
hull  at  any  given  speed  prior  to  hydrofoil  unporting. 

The  normal  take  off  thrust-drag  relationship  is  further  altered 
since  the  hydrofoil  can  be  designed  to  unport  at  speeds  unrelated 
to  the  hump  speed  of  the  basic  hull.  If  the  hydrofoil  were  designed 
to  unport  at  speeds  below  the  basic  hull  hump  speed,  a  comparatively 
large  foil  would  be  required.  With  such  a  configuration,  the  total 
drag  would  increase  rapidly  until  unporting  occured  and  then  decrease 
This  combination  is  underslrable  due  to  the  unnecessarily  large, 
heavy  foil  system  and  the  poor  handling  qualities  associated  with 
low  speed  unporting  operation. 

The  more  desirable  configuration  would  be  designed  to  unport 
slightly  above  hump  speed;  permitting  a  reduction  in  foil  system 
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C.  Performance  (Continued) 

size  combined  with  Improved  aircraft  handling  qualities. 


If  unporting  is  delayed  to  speeds  considerably  above  hump 
by  further  reducing  the  foil  system  size,  hydrodynamic  drag  will 
be  reduced  at  any  given  speed;  but  will  maintain  an  approximately 
constant  level  beyond  hump  speed,  since  drag  of  the  submerged 
foil  and  strut  will  balance  any  reduction  of  hull  drag  due  to  hull 
rise.  The  disadvantage  with  this  arrangement  is  the  resulting 
extended  period  of  high  drag  accompanied  by  slow  acceleration; 
extending  take  off  time  and  distance  while  exposing  the  airplane 
hull  to  increased  periods  of  wave  impact  at  higher  speeds. 


Foil  size  calculations  and  other  performance  parameters 
must  also  consider  the  landing  mode,  to  preclude  foil  submergence 
upon  landing  contact  due  to  foil  overloading.  This  requirement 
is  qui te  important  since  submergence  of  the  foil  would  not  only 
defeat  its  prime  purpose  of  protecting  the  hull  from  wave  impact 
loading,  but  could  also  create  a  strong  secondary  reactive  force 
placing  the  airplane  in  undesirable  attitudes  leading  to  a  high 
speed  water  loop  or  a  violent  pitch  ejection  high  above  the  water 
surface . 


D.  Spray  Patterns 

Experiments  have  shown  that  spray  height  and  thickness 
increase  as  foil  angle  of  attack  and  submergence  depth  increase, 
occurring  at  the  slower  foilborne  speeds  where  maximum  lift  co¬ 
efficients  are  being  generated.  Figure  7^  shows  foil  spray  patterns 
for  the  JRF-5G  with  spray  height  maximum  at  a  water  speed  of  39 
knots,  decreasing  as  speed  increases.  To  minimize  drag,  it  is 
important  to  minimize  the  amount  of  spray  impingement  on  the  air¬ 
frame,  particularly  oil  flaps  and  tail  surfaces.  Excessive  spray 
represents  wasted  thrust,  resulting  in  increased  take  off  time 
and  surface  run. 


FC.  Hull  Design 

The  hull  should  be  designed  to  reflect  the  reduced  impact 
loads  resulting  from  hydrofoil  operation,  and  to  accommodate  the 
foil  system  in  the  retracted  position.  Hull  bottom  loads  should 
be  cal culated  on  the  basis  of  operational  speeds  somewhat  above 
unporting  but  well  below  take  off.  Further  reductions  in  bottom 
plating  should  be  realized  from  decreased  bottom  pressure  loadings 
presented  in  Chapter  VI.  The  resulting  saving  in  hull  weight  should 
be  greater  than  the  total  weight  of  the  hydrofoil  system  (see 
Section  D.  5  of  Chapter  VI,  and  Chapter  VTTl). 
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F.  Hydrofoil  System  Optimization 


To  realize  maximum  performance,  the  hydrofoil  should  completely 
recess  into  the  hull.  A  single  hydrofoil  having  dihedral  coinciding 
with  hull  deadrise,  and  supported  by  a  single  strut,  is  best  suited 
for  seaplane  hull  installation.  The  support  strut  could  retract 
through  the  keel,  with  the  hydrofoil  housed  in  a  hull  bottom  recess. 
The  Thurston  Aircraft  Corporation  HRV-1  design  is  typical  of  this 
installation  (Figures  80,  81,  82  and  page  i). 
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VTTI.  Hydrofoil  Seaplane  Development 

In  conclusion,  it  ia  most  important  to  understand  that 
maximization  of  operational  benefits  offered  by  the  hydrofoil 
seaplane  can  only  be  realized  when  the  entire  configuration  is 
developed  for  hydrofoil  operation. 

Tn  this  regard,  the  following  design  areas  require  further 

study i 

(a)  Hull  hydrodynamic  configuration 

(b)  Hull  structural  loading  reductions  possible  during 
displacement  and  impact  conditions 

(c)  Hydrofoil  system  weight  versus  seaplane  gross  weight 

(a)  Taking  full  advantave  of  hydrofoil  lift,  it  ia  quite 
possible  that  a  modified  semi-chine  or  chineless  hull  can  be 
developed.  In  addition,  a  stepless,  faired  step,  or  retractable 
step  hull  configuration  should  be  possible,  using  foil  lift  and 
excess  thrust  to  assist  in  planing  at  an  early  point  in  the  take 
off  run,  A  proper  study  of  these  interrelated  factors  is  beyond 
the  scope  of  this  report}  but  should  permit  design  of  a  streamlined 
hull  form  capable  of  being  pressurized  with  minimum  weight  penalty, 
while  offering  a  material  increase  in  cruising  speed  and  range 
compared  to  prior  seaplane  configurations.  The  hydrofoil  should 
retract  flush  with  the  hull  bottom  surface,  presenting  no  increase 
in  form  drag  when  stowed. 

(b)  As  noted  in  Section  C  of  Chapter  VI,  a  material  reduct¬ 
ion  in  impact  load  factors  and  hull  bottom  loading  will  be  realized 
from  hydrofoil  operation.  To  take  full  advantage  of  the  available 
reduction  in  hull  structural  weight  and  complexity,  specification 
design  requirements  must  be  reduced  accordingly.  The  savings 
possible  from  reductions  in  structural  weight  and  construction 
complexity  will  offset  the  weight  and  cost  of  the  hydrofoil  system, 
while  providing  increased  sea  state  capability  and  a  probable 
increase  in  payload  for  a  given  gross  weight.  Any  serious  effort 
to  design  a  new  open  ocean  seaplane  should  be  preceded  by  an 
investigation  of  hull  loading  reductions  possible  with  the  hydro¬ 
foil  operating  in  heavy  sea  state  conditions. 

(c)  As  shown  in  Figure  87,  the  weight  of  the  hydrofoil 
system  referred  to  seaplane  gross  weight  should  reduce  slightly 
with  seaplane  size.  While  this  presentation  is  based  upon  pre¬ 
liminary  parametric  studies,  further  detail  design  will  be  required 
to  integrate  a  working  hydrofoil  system  into  the  seaplane  comlgura- 
tion  and  operational  specification  requirements.  For  preliminary 
design  study,  the  percentage  of  gross  weight  set  forth  in  Figure  87 
indicates  that  vrith  attendant  reductions  in  hull  weight  the  hydro¬ 
foil  will  permit  development  of  a  superior  seaplane  without  weight 
penalty. 
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Surface-Piercing,  Fully  Ventilated  Dihedral  Hydrofoils" 

Report  No.  732  -  October  1959  by  G.  Fridsmaj 
"Longitudinal  Stability  of  Surface-Pi ercing  Hydrofoil 
Systems  Water-Based  Aircraft" 

Report  No.  795  -  November  i960  by  G.  Frismaj 

"Force  and  Moment  Characteristics  of  a  Surface-Piercing, 

Fully-Ventilated,  Dihedral  Hydrofoil" 

Report  No.  R-856  -  September  1 96 1  by  C.J.  Henry? 

"Hydrofoil  Flutter  Phenomenon  and  Airfoil  Flutter  Theory 
Volume  I  -  Density  Ratio" 

Report  No.  R-911  -  July  1962  by  C.J,  Henry  and  M.  Raihan  Ali? 
"Hydrofoil  Flutter  Phenomenon  and  Airfoil  Flutter  Theory 
Volume  II  -  Center  of  Gravity  Location" 

Report  No.  952  -  October  1963  by  G.  Fridsmaj 
"Ventilation  Inception  on  a  Surface-Piercing  Dihedral 
Hydrofoil  with  Plane  Face  Wedge  Section" 

Tech  Memorandum  No.  133  -  April  1 965  by  J.P.  Breslin; 
"Simplified  Procedures  for  Estimation  of  the  Cavitation 
Inception  Speed  on  Two-Dimensional  Foil  Sections" 

Letter  Report  No.  IO96  -  November  1965  by  R.L.  Van  Dyck? 
"Development  Tests  of  HU-16  Hydrofoil  Aircraft" 

Report  No.  1115  -  December  1965  by  C.J.  Henry  and 
M.  Railhan  Ali?  "Hydrofoil  Flutter  Phenomenon  and 
Airfoil  Flutter  Theory 
Volume  III  -  Sweep  and  Taper 
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Davidson  Laboratory,  Stevens  Institute  of  Technology 

123.  u.ririT'f  m0-  1118  -  Time  1966  by  9.  Tsnhcr.so  ond  G.J,  Henry; 
"Finite  Aspect.  Ratio  Hydrofoil  Configurations  in  a  Free 
Surface  Wave  System" 

124.  Letter  Report  No.  1180  -  November  1966  by  John  Mercier; 

"Force  Measurements  on  a  Rotating  Variable  Sweep  Hydrofoil" 

125.  Letter  Report  No.  1332  -  January  1969  by  John  Mercier; 

"Tests  of  a  Variable  Sweep  Hydrofoil  with  Cavitation  and 
Ventilation" 

126.  Letter  Report  SIT-DL-69- 1 347  -  October  1969  by  R.L.  Van  llyckj 
"Model  Tests  of  Hydrofoil  Equipped  Floats" 


Techiiical  Research  Group  (TRG) 

127.  TRG-141-FR  -  July  31 »  1961  by  Bluston  and  Kaplan; 

"Lateral  Stability  and  Motions  of  Hydrofoil  Craft  in 
Smooth  Water" 


Thurston  Aircraft  Corporation 

128.  Report  No.  6702  -1  September  1966  by  David  B.  Thurston; 
"Structural  Analysis  of  HRV  Hydrofoil  No.  1" 

129.  Report  No.  6702-3  -  February  1967  by  David  B.  Thurston; 

"Final  Summary  Report:  HRV-1  Equipped  with  Hydrofoil 
No.  1  on  Strut  No.  2" 

130.  Report  No.  6902  -  February  1969  by  David  B.  Thurston; 
"Final  Report:  HRV-1  Flight  Test  with  Aft  Location  of 
Hydrofoil  No.  1  on  Strut  No.  2" 


Ministry  of  Aviation,  United  Kingdom 

131.  RAM  No.  3285  -  December  1958  by  Arlotte,  Brown,  Crewe; 

"Seaplane  Impact  -  A  Review  of  Theoretical  and  Experimental 
Results " 


U.S.  Navy 

David  Taylor  Model  Basin 
(Naval  Ship  Research  and  Development  Center) 

132.  Report  1607  -  April  1962  by  Donald  L.  Blount; 

"Resistance  Characteristics  of  a  70  Foot  Hydrofoil 
Missile  Range  Patrol  Boat" 
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U.S.  Navy 

David  Taylor  Nodal  Basin 
(Naval  Ship  Research  and  Davalopnant  Center) 

133.  Raport  1676  -  January  1963  by  Ficken  and  Debays 
"Experimental  Determination  of  the  Forces  on  Super- 
cmvltating  Hydrofoils  with  Internal  Ventilation" 

134.  Report  1723  -  August  1963  by  Nathan  K.  Bales s 

"A  Method  for  Predicting  the  Probable  Number  and  Severity 
of  Collisions  Between  Foilborne  Craft  and  Floating  Debris" 

135.  Report  1801  -  December  1963  by  Jerome  Feldman; 
"Experimental  Investigation  of  Near  Surface  Hydrodynamic 
Force  Coefficients  for  a  Systematic  Series  of  Tee  Hydro¬ 
foils,  DTMB  Series  HF-1" 

136.  Report  1778-  October  1965  by  Wilburn  and  Haller; 
"Experimental  Measurements  of  the  Steady  Lift,  Drag  and 

Moment  on  Surface-Piercing  Struts" 

137.  Report  2160  -  March  1966  by  Eugene  P.  Clement; 

"The  Development  of  Efficient  Hull  Forms  for  Hydrofoil 
Boats " 


U.S.  Navy 

U.S.  Naval  Air  Test  Center,  Patuxent  River,  Maryland 

138.  "Hydrodynamics  Manual,"  Flight  Test  Division  -  May  1958, 
by  R.N.  deCalles 

139.  Tech  Report  FT2121-35R-65  -  21  July  1 965  by 

LCDR  Nicholas  J.  Vagianos; 

"Evaluation  of  the  Hydrodynamic  Characteristics  of  the 
JRF-5G  Hydrofoil  Seaplane" 


U.S.  Navy 

U.S,  Naval  Ordnance  Test  Station 

l40.  NOTS  TP  2346  NAVORD  Report  6606  -  19  October  1 959  by 

T.G.  Lang;  "Base  Vented  Hydrofoils" 


U.S.  Navy 

Office  of  Naval  Research 

1 4 1 .  Contract  No.  N62558-2896  Task  No.  NR. 062-287  by  J„K,  Lunde 
and  H.A.A.  Walderhaug; 

"Surface  Piercing  Hydrofoils  with  Self  Adjusting  Incidence 
and  Shock  Absorbers" 
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V.S.  Navy 

Naval  Ship  HAD  Center,  Washington,  D.C. 

142.  Report  No.  2424  -  June  1967  by  George  Springston,  Jr.  5 

"Genera  1  I  zee’  Hyii  rodynaml  c  Loading  Functions  for  Bare  nnd 
Faired  Cables  in  Two-Dimensional  Steady  State  Cable 
Configurations " 


Papers 

143.  Journal  of  Ship  Research,  Vol.  No.  2,  pp  5-13*  by 
H.  Norman  Abramson  and  Wen-Hwa  Chu; 

"A  Discussion  of  the  Flutter  of  Submerged  Hydrofoils" 

144.  Journal  of  Ship  Research,  Vol.  No.  3*  PP  20-27  by 
Wen-Hwa  Chu  and  H.  Norman  Abramson; 

"Effect  of  the  Free  Surface  on  the  Flutter  of  Submerged 
Hydrofoils" 

1 4 5 .  Journal  of  the  American  Society  of  Naval  Engineers  -  May  19  59 

by  CMDR  S.R.  Heller,  Jr.  USN  and  H.  Norman  Abramsonj 
"Hydroelasticity :  A  New  Naval  Science" 

1 4 6 .  Am.  Inst,  of  Aeronautics  and  Astronautics,  Paper  No.  68-472 
1  May  1968  by  E.  Yates,  NASA  Langley  Res.  Center; 

"Flutter  Prediction  at  Low  Mass  Density  Ratios  with 
Application  to  the  Finite-Span  Noncavitating  Hydrofoil" 

147.  Society  of  Nava],  Architects  and  Marine  Engineers 
Hydrofoil  Symposium,  1965  Spring  Meeting' 

1 48 .  Am.  Society  of  Mech.  Engineers,  10  May  1962  by  D.L.  Stevens; 
"Flying  on  Hydrofoils" 

149.  Journal  of  Hydronautics  Vol.  4,  No.  1,  January  1970  by 
P.  Crlmi ; 

"Experimental  Study  of  the  Effects  of  Sweep  on  Hydrofoil 
Loading  and  Cavitation" 
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